Lake Balaton Eutrophication Study: Present Status and Future Program by Straten, G. van & Somlyody, L.
Lake Balaton Eutrophication Study: 
Present Status and Future Program




Straten, G. van and Somlyody, L. (1980) Lake Balaton Eutrophication Study: Present Status and Future Program. IIASA 
Working Paper. WP-80-187 Copyright © 1980 by the author(s). http://pure.iiasa.ac.at/1282/ 
Working Papers on work of the International Institute for Applied Systems Analysis receive only limited review. Views or 
opinions expressed herein do not necessarily represent those of the Institute, its National Member Organizations, or other 
organizations supporting the work. All rights reserved. Permission to make digital or hard copies of all or part of this work 
for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial 
advantage. All copies must bear this notice and the full citation on the first page. For other purposes, to republish, to post on 
servers or to redistribute to lists, permission must be sought by contacting repository@iiasa.ac.at 
NOT FOR QUOTATION 
WITHOUT PERMISSION 
OF THE AUTHOR 
LAKE BALATON EUTROPHICATION 
STUDY: P r e s e n t  S t a t u s  and 
F u t u r e  Program 
Ger r i t  v a n  S t r a t e n  
~ S s z l 6  Somly6dy 
December 1980 
WP-80-187 
W o r k i n g  P a p e r s  a r e  i n t e r i m  r e p o r t s  on work o f  t h e  
I n t e r n a t i o n a l  I n s t i t u t e  f o r  A p p l i e d  Sys tems A n a l y s i s  
and  have r e c e i v e d  o n l y  l i m i t e d  r e v i e w .  V i e w s  o r  
o p i n i o n s  e x p r e s s e d  h e r e i n  do n o t  n e c e s s a r i l y  r e p r e -  
s e n t  t h o s e  o f  t h e  I n s t i t u t e  o r  o f  i t s  N a t i o n a l  Member 
O r g a n i z a t i o n s .  
INTERNATIONAL INSTITUTE FOR APPLIED SYSTEMS ANALYSIS 
A-2361 Laxenburg ,  A u s t r i a  
THE AUTHORS 
G .  VAN STRATEN i s  w i t h  t h e  Department o f  Chemical Technoiogy, 
Twente U n i v e r s i t y  o f  Technology, Enschede, The N e t h e r l a n d s .  
Former ly ,  h e  was a r e s e a r c h  s c h o l a r  and l e a d e r  o f  t h e  Lake 
Ba la ton  Case Study a t  IIASA from A p r i l  1978-December 1979. 
L. Somiy6dy i s  on l e a v e  from t h e  Research  C e n t e r  f o r  Water 
Resources  Development (VITURI), Budapes t ,  Hungary. H e  i s  
a r e s e a r c h  s c h o l a r  and t h e  p r e s e n t  l e a d e r  o f  t h e  Case Study 
a t  IIASA from F e b r u a r y ,  1980. 
PREFACE 
The d e t e r i o r a t i o n  o f  l a k e s '  w a t e r  q u h l i t y  d u e  t o  a r t i f i c i a i  
e u t r o p h i c a t i o n  i s  a  t y p i c a l  symptom o f  o u r  c i v i l i z a t i o n .  To 
s t o p  t h i s  p r o c e s s  and  t o  improve  t h e  w a t e r q u a l i t y  i n  a n e c ~ n o m i c a l  
way r e q u i r e s  a  s y s t e m a t i c  and c o o r d i n a t e d  a n a i y s i s  of  many d i s c i -  
p l i n e s .  The r e c o g n i t i o n  o f  t h i s  f a c t  r e l a t e d  t o  Lake B a l a t o n ,  
one  o f  t h e  p r i m a r y  t o u r i s t i c  r e s o r t s  o f  Hungary and  t h e  l a r g e s t  
s h a l l o w  l a k e  i n  Middle-Europe,  i n i t i a t e d  IIASA and t h e  Hungar i an  
Academy o f  S c i e n c e s  i n  1978 t o  e s t a b l i s h  a  c o o p e r a t i v e  r e s e a r c h  
on t h e  deve lopmen t  o f  e c o l o g i c a l  models  and t h e i r  p r a c t i c a l  
a p p l i c a t i o n  t o  t h e  l a k e .  I n  a d d i t i o n ,  it was f e l t  t h a t  n o t  o n l y a  
c o n t r i b u t i o n  c a n  b e  g i v e n  t o  s o l v e  t h e  problem o f  t h e L a k e  B a l a t o n  
r e g i o n  b u t  t h e  m e t h o d o l o g i e s  d e v e l o p e d  c a n  b e  g e n e r a l i z e d  f o r  
o t h e r  s h a l l o w  l a k e s  which r e p r e s e n t ,  i n  g e n e r a l ,  a  less s t u d i e s  
f i e l d  compared t o  d e e p  l a k e s .  S i n c e  it was a l s o  aimed t o  con- 
s i d e r  t h e  w a t e r  q u a l i t y  management problem ( b e s i d e s  t h e  under -  
s t a n d i n g  and d e s c r i p t i o n  i n  l a k e  p r o c e s s e s ) ,  a l l  t h e  a c t i v i t i e s  
s h o u l d  b e  r e p l a c e d  t o  a n  o p i m i z a t i o n  framework: o n e  more a s p e c t  
o f  g e n e r a l  i n t e r e s t .  
Dur ing  t h e  f i r s t  h a l f  o f  t h e  s t u d y  many r e s u l t s  w e r e  a c h i e v e d .  
F i r s t  o f  all, t h e  e s t a b l i s h m e n t  o f  a  d a t a  b a s e ,  t h e  deve lopmen t  o f  
e c o l o g i c a l  m o d e l s ,  and t h e  i n c r e a s i n g  i n t e r a c t i o n  among mode l ing ,  
e x p e r i m e n t a l  work ,  a n d  f u r t h e r  d a t a  c o l l e c t i o n  s h o u l d  b e  empha- 
s i z e d .  D e r i v i n g  f rom t h e  n a t u r e  o f  t h e  problem,  t h e  mode l ing  o f  
t h e  n u t r i e n t  l o a d i n g  and w a t e r  q u a l i t y  management i s  o n l y  a t  p r e -  
s e n t  i n  a p r o g r e s s i n g  s t a t e  and i n  t h e  f u t u r e ,  m a i n l y ,  t h e  a c t i -  
v i t i e s  o f  t h e s e  f i e l d s  s h o u l d  b e  s t r e n g t h e n e d .  
The o b j e c t i v e  o f  t h e  a u t h o r s  was t o  o u t l i n e  t h e  p r e s e n t  
s t a t e  of t h e  c o o p e r a t i v e  r e s e a r c h  and d e f i n e  t h e  a c t i v i t i e s  
p l a n n e d  f o r  t h e  f u t u r e .  T h i s  p u b l i c a t i o n  i s  c l o s e l y  r e l a t e d  t o  
t h e  e a r l i e r  background r e p o r t  CP-79-13 and  j o i n t l y ,  t h e y  summarize 
a l l  t h e  i m p o r t a n t  i n f o r m a t i o n  r e l a t e d  t o  t h e  p r o j e c t .  A l s o ,  t h e  
p r e s e n t  p a p e r  c a n  p l a y  a  b a s i c  r o l e  i n  p romot ing  and  ha rmon iz ing  
t h e  f u r t h e r  r e s e a r c h  i n  t h e  f r a m e  o f  t h e  Case  S t u d y .  
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P r e s e n t  S t a t u s  and F u t u r e  Program 
G e r r i t  van S t r a t e n  and LSszl6 Somly6dy 
HISTORICAL BACKGROUND 
The problem o f  e u t r o p h i c a t i o n  of  l a k e s  h a s  r e c e i v e d  cons i s -  
e r a b l e  a t t e n t i o n  i n  r e c e n t  y e a r s .  I n  most l a k e s  phosphorus ,  and 
sometimes n i t r o g e n  compounds a r e  i n  s h o r t  supp ly  f o r  t h e  deve l -  
opment of  a l g a e  and h i g h e r  wa t e r  p l a n t s .  Some l a k e s  a r e  r i c h  i n  
t h e s e  n u t r i e n t  subs t ances  by n a t u r e .  Such l a k e s  a r e  c a l l e d  e u t r o -  
p h i c  ( i .e .  n u t r i e n t  r i c h ) .  However, i n  t h e  p a s t  decades  l a k e s  
n o t  p r e v i o u s l y  e u t r o p h i c  a r e  showing a  tendency towards i n c r e a s i n g  
n u t r i e n t  a v a i l a b i l i t y .  Typ ica l  symptoms o f  t h i s  p r o c e s s  of  
e u t r o p h i c a t i o n  a r e  t h e  sudden bloom of obnoxious a l g a e  s p e c i e s  
and t h e  f r e q u e n t  occu r r ence  of  v i s i b l e  w a t e r  c o l o r a t i o n .  In -  
c r e a s i n g  d i s c h a r g e s  of  domes t ic  and i n d u s t r i a l  was t e  w a t e r ,  t h e  
h e a v i e r  a p p l i c a t i o n  of  c r o p  f e r t i l i z e r s ,  and t h e  r ise  i n  a i r -  
borne  p o l l u t i o n  a r e  among the major cause s  of  t h e s e  u n d e s i r a b l e  
phenomena. 
The s t udy  o f  t h e  e u t r o p h i c a t i o n  p roces s  and i t s  causes  
h a s  n o t  o11ly been prompted by s e r i o u s  concern  about  o u r  n a t u r a l  
environment,  b u t  a l s o  by d i r e c t  economic i n t e r e s t .  F i o a t i n g  
w a t e r p l a n t s  and d e b r i s  a r e  a  nu i s ance  f o r  t h e  use  o f  l a k e  wa te r  
f o r  i n d u s t r i a l  o r  a g r i c u l t u r a l  purposes ,  c e r t a i n  a l g a e  t y p i c a l  
f o r  e u t r o p h i c  l a k e s ,  most n o t a b l y  b lue-green a l g a e ,  e x c r e t e  
t o x i c  subs t ances  caus ing  t a s t e  and odor problems i n  t h e  pro- 
d u c t i o n  o f  d r i n k i n g  w a t e r ;  and,  n o t  t h e  l e a s t ,  e x c e s s i v e  a l g a e  
blooms and overwhelming w a t e r p l a n t s  a r e  h a r d l y  a  p l e a s u r e  
f o r  t h o s e  s e e k i n g  r e c r e a t i o n  i n  and on t h e  l a k e .  
~ n  1578 IIASA'S Resources  and ~ n v i r o n m e n t  Area a d o p t e d  
t h e  problem of e u t r o p h i c a t i o n  of  l a k e s  a s  o n e  of  i t s  
r e s e a r c h  t o p i c s .  Many n a t i o n s  a r e  f a c i n g  t h e  problem i n  a  
s i m i l a r  f a s h i o n ,  hence  t h e  exchange  o f  e x p e r i e n c e s ,  methods 
and t e c h n i q u e s  beyond t h e  n a t i o n a l  b o u n d a r i e s  i n  an i n t e r n a t i o n a l  
s e t t l n g ,  s u c h  a s  p r o v i d e d  by IIASA, was e x p e c t e d  t o  b e  e x t r e m e l y  
p r o f i t a b l e .  F u r t h e r m o r e ,  t h e  a p p l i c a t i o n  o f  s y s t e m s  a n a l y s i s  
t e c h n i q u e s  i s  v e r y  p r o m i s i n g  i n  t h i s  t y p e  o f  p rob lems  f o r  a  va- 
r i e t y  o f  r e a s o n s .  The c o m p l e x i t y  o f  t h e  b i o l o g i c a l ,  c h e m i c a l ,  
and hydrodynamica l  p r o c e s s e s  i n v o l v e d ,  t h e  s t r o n g  i n t e r r e l a t i o n  
between t h e  v a r i o u s  p r o c e s s e s  and  phenomena, t h e  s t o c h a s t i c  
v a r i a b i l i t y  d u e t ~ m e t e o r o l o g i c a l  i n f l u e n c e s ,  and  t h e  many s i d e -  
e f f e c t s  o f  t h e  p o s s i b l e  a i t e r n a t i v e  management s t r a t e g i e s  a r e  
j u s t  a few o f  t h e  r e a s o n s  why a  s y s t e m a t i c  and comprehens ive  
a n a l y s i s  i s  r e q u i r e d .  Another  f a c t o r  o f  i n t e r e s t  i s  t h a t  l a k e  
s y s t e m  a r e  u s u a l i y  so l a r g e ,  t h a t  i n - f i e l d  e x p e r i m e n t a t i o n  i s  
v e r y  o f t e n  i m p o s s i b l e  o r  s u b j e c t  t o  s e r i o u s  c o n s t r a i n t s .  A s  a  
consequence ,  knowledge a b o u t  t h e  sys t em h a s  t o  b e  r e t r i e v e d  
from w n a t e v e r  d a t a  a r e  a v a i l a b l e  a t  p r e s e n t .  Da ta  a n a l y s i s ,  
i n c i u d i n g  m a t h e m a t i c a l  mode l ing  t e c h n i q u e s  i s  t h e r e f o r e  an  
e s s e n t i a l  f e a t u r e ,  t h e  more s o  s i n c e  d a t a  f o r  t h i s  k ind  o f  
s y s t e m s  a r e  n o r m a l l y  o f  r a t h e r  poor  q u a l i t y .  i n  a d d i t i o n ,  
by v i r t u e  o f  t h e  l i m i t e d  e x p e r i m e n t a t i o n  p o s s i b i l i t i e s ,  o u r  
knowledge a b o u t  t h e  s y s t e m s  p r o c e s s e s  is  f a r  f rom c o m p l e t e ,  s o  
t h a t  o u r  models  c a n  b e  no more t h a n  v e r y  rough a p p r o x i m a t i o n s  
o f  r e a l i t y .  I n  summary, t h e  c h a l l e n g i n g  q u e s t i o n s  t h e  s y s t e m s  
a n a l y s t  i s  c o n f r o n t e d  w i t h  a r e :  "How t o  model f rom i n a d e q u a t e  
d a t a ? " ,  a n d ,  i n  a d v i s i n g  manage r s :  "How t o  manage f rom inade -  
q u a t e  models?" .  I n  t h i s  r e s p e c t  t h e  problem o f  l a k e  e u t r o -  
p h i c a t i o n  h a s  i n t e r e s t i n g  s i m i l a r i t i e s  t o  many p rob lems  i n  
economics.  
A f t e r  a  g e n e r a l  workshop i n  September ,  1977 (Beck 1 9 7 8 ) ,  
I IASA's  REN Area o r q a n i z e d  two c o n s e c u t i v e  technical worKshops on 
t h e  e u t r o p h i c a t i o n  o f  l a k e s .  The  f i r s t  o n e ,  i n  December, 1977 ,  d e a l t  
w i t h  deep l a k e s ,  t h e  second one i n  A p r i l ,  1978,  c o n s i d e r e d  t h e  
problems of  s h a l l o w  l a k e s  (Jfdrgensen and Harleman 1978, and- 
J d r g e n s e n  1 9 7 9 ) .  I n  modera te  l a t i t u d e s  d e e p  l a k e s  a r e  
c h a r a c t e r i z e d  by a  prolonged p e r i o d  o f  a  s t a b l e  summer s t r a -  
t i f i c a t i o n ,  t h a t  i s  a  warm t o p  l a y e r  is  f l o a t i n g  on a  c o l d  bot tom 
l a y e r  and mixing between t h e  two l a y e r s  i s  p r a c t i c a l l y  a b s e n t .  
N u t r i e n t s  produced I n  t h e  bot tom l a y e r  by m i n e r a l i z a t i o n  pro-  
cesses from s i n k i n g  b i o l o g i c a l  m a t t e r  a r e  t r a p p e d  t h e r e ,  and 
t h e r e f o r e  n o t  a v a i l a b l e  f o r  a l g a l  growth i n  t h e  l i g h t  t o p  l a y e r ,  
u n t i l  i n  f a l l  t h e  s t r a t i f i c a t i o n  v a n i s h e s  and t h e  l akebecomes  f u l l y  
mixed a g a i n .  I n  t h e  n e x t  s e a s o n  t h e  c y c l e  i s  r e p e a t e d .  T h i s  i s  
why deep  l a k e s  u s u a l l y  show a  remarkab le  yea r - to -yea r  r e g u l a r i t y  
i n  b e h a v i o r .  
I n  s h a i l o w  l a k e s ,  t h e  d i r e c t  i n t e r a c t i o n  w i t h  t h e  l a k e  
s e d i m e n t s ,  enhanced by wind induced e f f e c t s ,  i n t r o d u c e s  a n  a d d i -  
t i o n a l  dynamic d imens ion .  The v e r t i c a l  mixing is  normal ly  
v e r y  good s o  t h a t  n u t r i e n t s  s w i r l e d  up migh t  b e  a v a i l a b l e  
f o r  a l g a l  g r o w t h i m m e d i a t e l y .  Also  t h e  p h o t i c  zone d e p t h ,  
i .e .  t h e  zone o f  a l g a l  p r o d u c t i v i t y ,  i s  l a r g e  compared t o  t h e  
t o t a l  d e p t h .  Due t o  t h e s e  f a c t o r s  s h a l l o w  l a k e s  e x h i b i t  g e n e r a l l y  
more t i m e  v a r i a b l i l i t y  t h a n  deep  l a k e s .  
I n  t h e  p a s t  many e u t r o p h i c a t i o n  models have  been deve loped  
f o r  deep l a k e s .  However, t h e  t e c h n i q u e s  o f  ma themat ica l  model- 
i n g  and s i m u l a t i o n  a r e  p e r h a p s  even more power fu l  t o o l s  i n  t h e  
s t u d y  o f  t h e  e u t r o p h i c a t i o n  problem o f  s h a i l o w  l a k e s ,  where t h e  
dynamics a r e  more complex a s  w e  have s e e n  b e f o r e .  There  i s ,  
moreover,  c o n s i d e r a b l e  economic i n t e r e s t s  i n  such a  s t u d y ,  
e s p e c i a l l y  i n  Europe where t h e  m a j o r i t y  of  l a k e s  i n  t h e  non- 
mountaineous,  d e n s i l y  p o p u l a t e d  a r e a s  a r e  sha l low.  Thus, f o r  
REN's own in-house r e s e a r c h  it seemed a p p r o p r i a t e  t o  concen- 
t r a t e  o n  a  s h a l l o w  l a k e  s t u d y .  Fur thermore  w e  f e l t  t h a t  o u r  
me thodo log ica l  c o n t r i b u t i o n  would be  most f r u i t f u l  i f  a p p l i e d  
t o  an a c t u a l  case, and s o  t h e  s u g g e s t i o n  m a d e  by t h e  Hungarian 
Academy o f  S c i e n c e s  t o  a d o p t  t h e  Lake B a l a t o n  problem a s  a  sub- 
j e c t  c a s e  s t u d y  was r e a d i l y  a c c e p t e d .  The s t u d y  s t a r t e d  
w i t h  a  one-day t a s k  f o r c e  mee t ing  a t  IlASA i n  A p r i l ,  1978,  p r o -  
f i t i n g  from t h e  p r e s e n c e  o f  s e v e r a l  of  t h e  p a r t i c i p a n t s  o f  t h e  
f o r e g o i n g  s h a l l o w  l a k e  workshop, t o  d i s c u s s  t h e  p l a n  f o r  c o l i a -  
b o r a t i v e  r e s e a r c h  e n v i s a g e d  f o r  t h e  c a s e  s t u d y .  
2. GOALS AND OBJECTIVES 
The s t u d y  was o f f i c i a l l y  s t a r t e d  w i t h  t h e  s i g n i n g  i n  May, 
1978,  o f  a n  ag reemen t  be tween IIASA and t h e  C o o r d i n a t i o n  Counc i l  
f o r  t h e  E n v i r o n m e n t a l  Resea rch  on Lake B a l a t o n  o f  t h e  Hungar ian  
Academy o f  S c i e n c e s .  I t  w a s  a g r e e d  t o  " e s t a b l i s h  c o o p e r a t i v e  
l i n k s  b e t w e e n  t h s i r  r e s p e c t i v e  r e s e a r c h  g r o u p s  t o  f a c i l i t a t e  
m u t u a t l y  b e n e f i c i a l  a c t i v i t i e s  a i m e d  a t  t h e  f u r t h e r  d e v e l o p m e n t  
o f  e c o l o g i c a l  m o d e l s  and t h e i r  p r a c t i c a l  a p p l i c a t i o n " .  The 
a c t u a l  i m p l e m e n t a t i o n  o f  t h i s  ag reemen t  was e n v i s a g e d  i n  t h e  
form o f  exchange  o f  i n f o r m h t i o n ,  d a t a  and e x p e r i e n c e ,  t h e  ex- 
change  o f  v i s i t s  o f  s c i e n t i s t s  and  r e s e a r c h e r s  o f  b o t h  p a r t i e s  
and t h e  o r g a n i z a t i o n  o f  s c i e n t i f i c  m e e t i n g s  a t  IIASA o r  i n  
Hungary. I n  an  a t t a c h m e n t  t o  t h e  ag reemen t  it w a s  e s t a b l i s h e d  
t h a t  t h e  c o o p e r a t i o n  would b e  r e a l i z e d  i n  t h e  framework o f  3 
man-months v i s i t s  o f  i n v i t e d  s c i e n t i s t s  t o  Hungary and  5 man- 
months o f  v i s i t s  t o  IIASA. 
The r e s e a r c h  p r o p o s a l  a t t a c h e d  t o  t h e  ag reemen t  summarized 
i s s u e s  o f  t h e  B a l a t o n  problem a s  f o l l o w s :  
-- Lake B a l a t o n  i s  a l a r g e  s h a l l o w  l a k e  o f  600 km2 s u r f a c e  
area,  w i t h  an  a v e r a g e  d e p t h  o f  iess t h a n  3 . 5  m.  The 
d i f f e r e n t  a r e a s  a i o n g  t h e  a x i s  o f  t h e  l a k e  e x h i b i t  
v a r i o u s  t r o p h i c  s ta tes  r a n g i n g  f rom m e s o t r o p h i c  
t o  e u t r o p h i c .  
-- I t  i s  a p h o s p h o r u s - c o n t r o l l e d  l a k e  where b o t h  p o i n t  s o u r c e s  
a s  w e l l  a s  non-po in t  s o u r c e s  p l a y  a n  i m p o r t a n t  r o l e .  
-- The exchange  o f  phosphorus  be tween w a t e r  and  s e d i m e n t  
p l a y s  an  i m p o r t a n t  b u t  u n c e r t a i n  r o l e  i n  t h e  e u t r o -  
p h i c a t i o n  p r o c e s s .  
-- I t  i s  a n  u r g e n t  t a s k  t o  p r o p o s e  e f f i c i e n t  m e a s u r e s  
t o  c o n t r o l  t h e  e u t r o p h i c a t i o n  p r o c e s s e s .  
-- A r e a s o n a b l e  amount o f  p h y s i c a l ,  c h e m i c a l ,  b i o l o g i c a l ,  
and h y d r o l o g i c a l  d a t a  e x i s t s ;  however ,  a  p r o p e r  s y s t e m s  
a n a l y t i c a l  u t i l i z a t i o n  o f  t h e  d a t a  i s  l a c k l n g .  
On t h e  b a s i s  o f  t h i s  l i s t  t h e  a r e a s  o f  c o l l a b o r a t i o n  w e r e  
i d e n t i f i e d  a s :  
-- s t u d y  o f  phy top lank ton  dynamics models  and a p p l i c a t i o n  
and comparison o f  e x i s t i n g  models.  For  t h i s  purpose  
t h e  B a l a t o n  d a t a  would b e  made a v a i l a b l e  f o r  i n c l u s i o n  i n  
I IASA'S  d a t a  bank; 
-- a c t i v i t i e s  on  modeling t h e  phosphorus exchange between 
w a t e r  and sed iment ;  
-- mutua l  exchange o f  i n f o r m a t i o n  and c o o p e r a t i o n  i n  t h e  
f i e l d  of  n u t r i e n t  l o a d i n g  modeling; and 
-- e l a b o r a t i o n  o f  sys tems management models f o r  e u t r o p h i -  
c a t i o n  c o n t r o l .  
A more d e t a i l e d  overview o f  t h e  s c i e n t i f i c  work r e s u l t i n g  from 
t h e s e  o b j e c t i v e s  f o l l o w s  i n  P a r t  11. 
3. ORGANIZATIONAL ASPECTS 
3.1. C o l l a b o r a t i n g  I n s t i t u t i o n s  
I n s t r u m e n t a l  i n  e s t a b l i s h i n g  c o n t a c t s  w i t h  IIASA h a s  
been t h e  Computer and Automation I n s t i t u t e  (SZTAKI) of  t h e  Hun- 
g a r i a n  Academy o f  S c i e n c e s  (MTA),  most n o t a b l y  t h e  group of 
b iomathemat ics ,  headed by J .  F i s c h e r ,  w i t h i n  t h e  Department f o r  
Appl ied  Mathematics .  From t h e  b e g ~ n n i n g  e s s e n t i a l  d i r e c t  
l i n k s  e x i s t e d  w i t h  t h e  B i o l o g i c a l  Research I n s t i t u t e  ( B K I )  o f  
t h e  Academy, s i t u a t e d  on t h e  L a k e ' s  s h o r e  i n  Tihany.  F u r t h e r -  
more, a n  e x t e n s i v e  network e x i s t e d  w i t h  i n d i v i d u a l  s c i e n t i s t s  
from a  number o f  i n s t i t u t i o n s  i n  Hungary. 
During t h e  c o o p e r a t i o n  it soon appeared  t h a t  t h e  a v a i l a b i l i t y  
of  d a t a ,  e s p e c i d l y  w i t h  r e s p e c t  t o  t h e  w a t e r  q u a l i t y  and t h e  
l o a d i n g  t o  t h e  l a k e ,  was c r u c i a l  t o  a  f r u i t f u l  p r o g r e s s  o f  t h e  
s c i e n t i f i c  work. S i n c e  l a r g e  p o r t i o n s  of t h e s e  d a t a  w e r e  o n l y  
a v a i l a b l e  w i t h  t h e  c o o p e r a t i o n  of  t h e  N a t i o n a l  Water A u t h o r i t y  
( O V H ) ,  and e s p e c i a l l y  t h e  Research  Cen te r  f o r  Water Re- 
s o u r c e s  Development ( V I T U K I )  be long ing  t o  t h e  ~ u t h o r i t y ,  
there was a  d e s i r e  f o r  a  more o f f i c i a l  involvement  of  t h i s  
i n s t i t u t i o n  i n  t h e  r e s e a r c h .  F u r t h e r m o r e ,  VITUKI w a s  i n  a n  
e x c e l l e n t  p o s i t i o n  t o  i n i t i a t e  a d d i t i o n a l  f i e l d  p rog ra ms  i n  
t h e  f ramework o f  t h e  s t u d y .  T h u s ,  i n  J a n u a r y ,  1979 ,  a  s u b -  
c o m m i t t e e  o f  t h e  H u n g a r i a n  Commit tee  f o r  A p p l i e d  S y s t e m s  
A n a l y s i s  (MAREB) was  f o u n d e d  i n  o r d e r  t o  b e  r e s p o n s i b l e  f o r  
t h e  c o o p e r a t i o n  w i t h  IIASA w i t h  r e s p e c t  t o  t h e  B a l a t o n  C a s e  
S t u d y ,  i n  w h i c h  t h e  t h r e e  i n s t i t u t i o n s  p a r t i c i p a t e  o n  a  b a s i s  
o f  e q u a l i t y .  A member l i s t  o f  t h e  s u b c o m m i t t e e  i s  g i v e n  i n  
Appendix  A .  
A p a r t  f r o m  t h e  p e r m a n e n t  c o n t r i b u t i o n  o f  IIASA s t a f f  mem-  
b e r s ,  a  number o f  c o l l a b o r a t i v e  l i n k s  were e s t a b l i s h e d  t h r o u g h  
IIASA w i t h  s e v e r a l  e x t e r n a l e x p e r t s  t o  c o n t r i b u t e  t o  t h e  work 
and  p r o g r e s s  o f  t h e  case s t u d y .  
3 . 2 .  M e e t i n g s  a n d  S c i e n t i f i c  Exchange  
I n  t h e  f ramework  o f  t h e  a g r e e m e n t  a t o t a l  o f  3 man-months 
v i s i t s  by H u n g a r i a n  s c i e n t i s t s  t o  IIASA w a s  r e a l i z e d  i n  1 9 7 8 ,  
w h e r e a s  t h e  t o t a l  v i s i t s  amounted  t o  7  man-months i n  1 9 7 9 ,  
i n d i c a t i n g  t h e  a c c e l e r a t i o n  o f  t h e  p r o j e c t  ( a  f u l l  l i s t  i s  
p r e s e n t e d  i n  App end ix  B ) .  
D u r i n g  1978-1979 t h r e e  major m e e t i n g s  w i t h  o u t s i d e  p a r t i -  
c i p a t i o n  were h e l d ,  wh ich  p r o v e d  t o  b e  v e r y  i n s t r u m e n t a l  i n  
d i s c u s s i n g  new i d e a s  o n  t h e  b a s i s  o f  r e s u l t s  o b t a i n e d ,  a n d  t o  
p r o v i d e  g u i d e l i n e s  f o r  f u r t h e r  r e s e a r c h .  
A s  m e n t i o n e d  a b o v e ,  t h e c a s e s t u d y  b e g a n  w i t h  a one-day  t a s k  
f o r c e  m e e t i n g ,  A p r i l  1 7 ,  1978 .  A p a r t  f r om 10 H u n g a r i a n s  a nd  10 
IIASA s c i e n t i s t s ,  1 4  r e s e a r c h e r s  f rom a b r o a d  a t t e n d e d  t h i s  
m e e t i n g .  I n  g e n e r a l  t h e  r e s e a r c h  s c h e d u l e  l a i d  down i n  t h e  
p r o p o s a l  a t t a c h e d  t o  t h e  Agreement  was a p p r o v e d  a n d  v a l u a b l e  
s u g g e s t i o n s  f o r  a c t u a l  work were g i v e n .  The need  f o r  a r a p i d  
c o m p r e h e n s i v e  c o l l e c t i o n  o f  t h e  d a t a  f o r  i n c l u s i o n  i n  I IASA1s  
d a t a  bank  w a s  p a r t i c u l a r l y  s t r e s s e d .  
A f i r s t  j o i n t  I IASA-Hungar ian Academy o f  S c i e n c e s  T a s k  
F o r c e  M e e t i n g  was h e l d  i n  T i h a n y ,  Hunga ry ,  on  t h e  l a k e ' s  s h o r e ,  
f rom J u l y  26-28,  1978 .  F i v e  p a r t i c i p a n t s  f r om IIASA, t h r e e  f rom 
a b r o a d  and  a b o u t  1 5  f rom Hungary a t t e n d e d  t h e  t h r e e  d a y  m e e t i n g .  
Again t h e  u r g e n t  p r i o r i t y  o f  d a t a  c o l l e c t i o n  and  d i s p l a y  was 
s t r e s s e d .  S e v e r a l  p r o p o s a l s  f o r  mode l ing  a n d  f i e l d  work w e r e  
d i s c u s s e d .  With r e s p e c t  t o  o r g a n i z a t i o n a l  a s p e c t s  o f  t h e  p r o -  
ject it w a s  c o n s i d e r e d  d e s i r a b l e  t o  i n c r e a s e  t h e  p r o p o r t i o n  o f  
b i o l o g i c a l ,  c h e m i c a l ,  and  h y d r o p h y s i c a l  f i e l d  work p a r t i c i p a t i o n  
r e l a t i v e  t o  t h e  m a t h e m a t i c a l  i n v o l v e m e n t .  T h i s  e v e n t u a l l y  l e d  t o  
t h e  f o r m a t i o n  o f  t h e  subcommi t t ee  men t ioned  i n  t h e  p r e v i o u s  s e c t i o n .  
The second  j o i n t  IIASA-Hungarian Academy o f  S c i e n c e s  Task  
F o r c e  Mee t ing  was h e l d  f rom Augus t  27-30, 1979 ,  a g a i n  i n  Hungary,  
namely i n  Veszprgm. The t o t a l  number o f  p a r t i c i p a n t s  was 48,  
d i s t r i b u t e d  among Hungary,  IIASA, and  a b r o a d  a s  30,  7 ,  and  1 1 ,  
a r o u n d  f o r m a l  p r e s e n t a t i o n s ,  which  w e r e  p u b l i s h e d  i n  t h e  Pro-  
c e e d i n g s  i n  1980 ( v a n  S t a t e n  e t  a l .  1980)  . The c o n f e r e n c e  
o f f e r e d  a n  e x c e l l e n t  o p p o r t u n i t y  t o  r e p o r t  o n  r e s u l t s  o b t a i n e d  
d u r i n g  t h e  e x i s t e n c e  o f  t h e  case s t u d y ,  b o t h  w i t h  r e g a r d  t o  
e x p e r i m e n t a l  a s . w e l l  a s  t o  mode l ing  work.  P a r t  o f  t h e  s t a t u s  
o f  t h i s  work i s  summarized i n  P a r t  I1 o f  t h i s  r e p o r t .  The re- 
s u l t s  w e r e  d i s c u s s e d  i n  t h r e e  work ing  g r o u p s  and t h e  recornmen- 
d a t i o n s  made are i n c l u d e d  i n  t h e  P r o c e e d i n g s .  Among o t h e r s  a 
p l e a  was made f o r  a b e t t e r  c o o r d i n a t i o n  o f  t h e  h y d r o b i o l o g i c a l  
a n d  c h e m i c a l  measurement  programs i n  t h e  l a k e .  S t r o n g  s u p p o r t  
was e x p r e s s e d  f o r  t h e  c o n t i n u a t i o n  o f  t h e  work o n  wind i n d u c e d  
mass  exchange  and t h e  s ed imen t -wa te r  i n t e r a c t i o n ,  and  a d d i t i o n a l  
s u g g e s t i o n s  were made t o  c l a r i f y  t h e  a d s o r p t i v e  c a p a c i t y  o f  t h e  
s e d i m e n t .  F i n a l l y ,  t h e  c o n t i n u i n g  l a c k  o f  r e l i a b l e  a n d  compre- 
h e n s i v e  d a t a  o n  t h e  l a k e ' s  l o a d i n g  w e r e  f e l t  a s  a s e r i o u s  h i n -  
d r a n c e  t o w a r d s  b e t t e r  m o d e l i n g ,  and  it w a s  s t r o n g l y  u r g e d  t h a t  
t h i s  d a t a  b e  made a v a i l a b l e  a s  s o o n  a s  p o s s i b l e .  
The e x p e r i e n c e ,  cr i t ic i sm,  r e m a r k s ,  s u g e s s t i o n s ,  and  
recommendat ions  o b t a i n e d  d u r i n g  t h e  case s t u d y  a s  i n d i c a t e d  
above ,  h a v e  b e e n  i n c o r p o r a t e d  i n  t h e  deve lopmen t  o f  i d e a s  
o n  t h e  s t u d y ' s  c o n t i n u a t i o n .  T h e s e  w i l l  b e  o u t l i n e d  b r i e f l y  
i n  P a r t  I11 o f  t h i s  r e p o r t .  
PART 11. SCIENTIFIC RESULTS 
1 .  I n t r o d u c t i o n  t o  t h e  problem 
2 .  H i e r a r c h y  of Models 
3 .  ~ u t r o p h i c a t i o n  Models 
4 .  N u t r i e n t  Loading Models 
5 .  Management Models 
1 .  INTRODUCTION TO THE PROBLEM 
I ts  n i c e  summer c l i m a t e ,  t h e  f i n e  s c e n e r y  o f  t h e  s u r r o u n d i n g  
l a n d s c a p e ,  and i t s  water q u a l i t y  have  made Lake B a l a t o n  an  a t t r a c -  
t i v e  t o u r i s t  r e s o r t  o f  i m p o r t a n c e  r e a c h i n g  f a r  beyond t h e  n a t i o n a l  
Hungarian b o r d e r s .  With 600 km2 s u r f a c e  area it i s  t h e  l a r g e s t  
l a k e  i n  c e n t r a l  Europe.  I n  r e c e n t  y e a r s  s c i e n t i s t s  s t u d y i n g  t h e  
l a k e  have  o b s e r v e d  c e r t a i n  changes  i n t h e  water q u a l i t y  o f t h e  l a k e .  
Clear s i g n s  o f  e u t r o p h i c a t i o n  became a p p a r e n t  and u n d e r  unfavor-  
a b l e  c i r c u m s t a n c e s ,  a l g a l  blooms began t o  a f f e c t  t h e  t o u r i s t i c  
v a l u e  o f  t h e  l a k e ,  a t  l eas t  i n  t h e  most  p o l l u t e d  s e c t i o n s .  T h i s  
i s ,  i n  a n u t s h e i l ,  t h e  s p e c i f i c a t i o n  o f  t h e  Lake B a l a t o n  e u t r o -  
p h i c a t i o n  probiem. T h i s  s e c t i o n  summarizes t h e  r e s u l t s  o f  a 
problem a n a l y s i s  s c u d y ,  per formed a t  IIASA i n  the framework o f  
t h e  B a l a t o n  Case Study .  The a s p e c t s  w i l l  b e  t r e a t e d  i n  a b r i e f  
fo rma t  h e r e  o n l y ,  f o r  d e t a i l s  t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  
o r i g i n a l  p u b l i c a t i o n  (van  S t r a t e n ,  e t  a l .  1 9 7 9 ) .  
1 . 1 .  G e n e r a l  C h a r a c t e r i s t i c s  
F i g u r e  1 g i v e s  a n  i m p r e s s i o n  o f  t h e  B a l a t o n  and i t s  c a t c h -  
ment area. The l a k e  is 77.9 km l o n g  and on  t h e  a v e r a g e  7.7 km 
2  
wide .  The s u r f a c e  area o f  t h e  w a t e r s h e d  i s  5 ,180 km , t h a t  
o f  t h e  l a k e  i t s e l f  596 km2 ( r a t i o  8 . 7 : l )  . I ts  most  t y p i c a l  
f e a t u r e  is i t s  s h a l l o w n e s s :  t h e  a v e r a g e  d e p t h  i s  3.14 m ,  and 
t h e  d e e p e s t  p o i n t ,  t h e  s t r a i g h t s  o f  T ihany ,  i s  n o t  more t h a n  
11 m deep .  Consequen t ly ,  wind a c t i o n  i s  o f  g r e a t  i m p o r t a n c e .  
Another  consequence  o f  t h e  s h a l l o w n e s s  i s  t n e  l a r g e  t e m p e r a t u r e  
d i f f e r e n c e  between summer and w i n t e r .  On the  a v e r a g e  t h e r e  i s  
a n  i c e  c o v e r  f o r n e a r l y  two months i n  w i n t e r ,  whereas  t h e  tempera-  
t u r e  o f  t h e  water rises r a p i d l y  t o  v a l u e s  a round 24' i n  summer. 
1 .2 .  Hydrology 
The p r i n c i p a l  r i v e r  i n f l o w  i s  t h e  Zala R i v e r  i n  t h e  s o u t h -  
2  
w e s t e r n  end  o f  t h e  l a k e .  The Z a l a  d r a i n s  a b o u t  2 ,750 km o r  
53% o f  t h e  t o t a l  ca t chment  a r e a  and i s ,  t h e r e f o r e ,  o f  pr ime 
impor tance  t o  t h e  l a k e .  The l a k e  h a s  o n l y  one  s i n g l e  o u t f l o w ,  
i n  S i d f o k ,  a t  t h e  s o u t h - e a s t e r n  end.  The o u t f l o w  i s  r e g u l a t e d  
by a g a t e ,  s o  t h a t  t h e  l e v e l  o f  t h e  l a k e  c a n  b e  c o n t r o l l e d  wi th -  
i n  r o u g h l y  30 cm d i f f e r e n c e  i n  most s i t u a t i o n s .  F i g u r e  2  g i v e s  
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F i g u r e  2 .  Annual  w a t e r b a l a n c e  i n  mm. 
t h e  l ong- t e rm y e a r l y  a v e r a g e  w a t e r  b a l a n c e :  t h e  t o t a l  i n f l o w  
o f  957 mm/year r o u g h l y  b a l a n c e s  t h e  e v a p o r a t i o n  l o s s e s  (916 mm/ 
y e a r )  , whereas  t h e  o u t f l o w  (671 mrn/year) i s  a b o u t  e q u a l  t o  t h e  
p r e c i p i t a t i o n  (628  rnm/year) . Given a  mean d e p t h  o f  3.14 m and 
a  t o t a l  a n n u a l  i n p u t  o f  1 .57 m ,  a n  a v e r a g e  r e n e w a l  t i m e  o f  2  
y e a r s  r e s u l t s .  However, t h i s  i s  j u s t  a  l ake -wide  a v e r a g e .  The 
r enewa l  t i m e  i s  s i g n i f i c a n t l y  s h o r t e r  ( 1  y e a r )  i n  t h e  K e s z e t h e l y  
Bay (see F i g u r e  1 )  , and  c o n s i d e r a b l y  l o n g e r  ( 7  y e a r s )  i n  t h e  
'downst ream'  e n d  o f  t h e  l a k e  ( S i c f o k )  . 
1 . 3 .  Hydrodynamics 
Compared t o  t h e  t h r o u g h  f l o w  d e r i v e d  from w a t e r  b a l a n c e  
c o n s i d e r a t i o n s  t h e  wind-induced w a t e r  m o t i o n  p l a y s  a  more impor- 
t a n t  r o l e .  I t  i s  b a s i c a l l y  dynamic i n  c h a r a c t e r  d u e  t o  t h e  
s t r o n g  f l u c t u a t i o n  i n  wind (80-90 s t o r m y  d a y s  and  a p p r o x i m a t e l y  
1000 s e i c h e  e v e n t s  i n  a  y e a r ) .  The s p a t i a l  change  i s  a l s o  
e s s e n t i a l  and b o t h  t h e  t e m p o r a l  and s p a t i a l  v a r i a t i o n s  a r e  
i n f l u e n c e d  by t h e  s u r r o u n d i n g  m o u n t a i n s  o n  t h e  n o r t h e r n  s i d e  
of  t h e  l a k e .  The p r e v a i l i n g  d i r e c t i o n  i s  be tween  M4 and  NW-N 
w h i l e  t h e  mon th ly  a v e r a g e  v e l o c i t y  r a n g e s  f rom 2  t o  5  m / s .  
The w i n d i e s t  p e r i o d  i s  March and  A p r i l ,  t h e  c a l m e s t  September  
( H i r l i n g  1979)  . 
Wind a c t i o n s  r e s u l t  i n  d i f f e r e n t  k i n d s  o f  f r e e  s u r f a c e  
and  w a t e r  m o t i o n s  s u c h  a s :  s e t - u p ,  c a u s i n g  a  w a t e r  l e v e l  
d i f f e r e n c e s  o f  a s  much a s  1  m;  s e i c h e s ,  w i t h  5 . 5  and  1 . 0  h  
a v e r a g e  p e r i o d  i n  l o n g i t u d i n a l  and  t r a n s v e r s a l  d i r e c t i o n ,  r e s p . ;  
and s h a l l o w  waves ,  t h e  h e i g h t  o f  which o f t e n  e x c e e d s  1  m (Musz- 
k a l a y  1 9 7 9 ) .  A l l  t h e s e  phenomena a r e  i n f l u e n c e d  b y  t h e  p r e s e n c e  
of  t h e  T ihany  p e n i n s u l a  and  c a n  h a r d l y  b e  s e p a r a t e d  f rom e a c h  
o t h e r .  
Only l i m i t e d  knowledge i s  a v a i l a b l e  o n  t h e  v e l o c i t y  f i e l d .  
The m o t i o n  a t  T ihany  i s  d e t e r m i n e d  m a i n l y  by  u n s t e a d y  v e l o c i t i e s  
o f t e n  h i g h e r  t h a n  1  m / s .  I n  o t h e r  a r e a s  t h e  m o t i o n  i s  less 
i n t e n s i v e .  The e x p e r i m e n t s  per formed o n  a  p h y s i c a l  model  
( ~ ~ g r k e  1975)  i n d i c a t e d  t h a t  f o r  n o r t h e r n  wlnds  t y p i c a l  s e p a r a t e d  
c i r c u l a t i o n s  were d e v e l o p e d  i n  d i f f e r e n t  b a s i n s  i n  t h e  s o u t h -  
w e s t e r n  p a r t  o f  t h e  l a k e .  S e i c h e s  and  s e t - u p s  may c a u s e ,  however,  
a  c o n s i d e r a b l e m i x i n g i n  t h e  l o n g i t u d i n a l  direction among segmen t s  
w i t h  d i f f e r e n t  w a t e r  q u a l i t y .  
w i t h  d i f f e r e n t  water q u a l i t y .  A t  p r e s e n t  no d i r e c t  i n f o r m a t i o n  
a b o u t  t h e  e x t e n t  o f  l o n g i t u d i n a l  mixing  i n  q u a n t i t a t i v e  t e r m s  
i s  a v a i l a b l e .  
Another  i m p o r t a n t  h y d r o p h y s i c a l  e f f e c t  i s  t h e  i n t e r a c t i o n  
a t  t h e  bot tom which a l l o w s  d i s s o l v e d  and p a r t i c u l a t e  m a t e r i a l s  
t o  r e - e n t e r  f rom t h e  bo t tom l a y e r .  T h i s  and r e l a t e d  phenomena 
w i l l  b e  d i s c u s s e d  i n  S e c t i o n  1 .6 .  
1 . 4 .  Water Q u a l i t y  C h a r a c t e r i s t i c s  
The dominant  g e o l o g i c a l  f o r m a t i o n s  i n  t h e  B a l a t o n  a r e a  a r e  
compr ised  o f  d o l o m i t e .  The w a t e r  i s  m o s t l y  of  k a r s t i c  o r i g i n  
and i t s  c o m p o s i t i o n  i s  r e f l e c t e d  i n  t h e  chemica l  c h a r a c t e r i s t i c s  
o f  t h e  B a l a t o n  w a t e r .  The c a l c i u m  c o n t e n t  i s  h i g h :  f rom 60 mg/l 
i n  t h e  K e s z t h e l y  end  t o  40 mg/l a t  t h e  o u t l e t .  The magnesium 
c o n c e n t r a t i o n  i s  of t h e  same o r d e r  o f  magni tude .  I n  combina t ion  
w i t h  t h e  h i g h  m - a l k a l i n i t y  ( 4 / 5  m v a l / l )  and t h e  h i g h  pH ( 8  -3-  
8 . 7 )  a b o u t  70% o f  t h e  t o t a l  c a l c i u m  e n t e r i n g  t h e  l a k e  p r e -  
c i p a t e s .  These  phenomena a r e  c l o s e l y  r e l a t e d  t o  t h e  b i o -  
l o g i c a l  a c t i v i t y  i n  t h e  l a k e .  
The d i f f e r e n c e s  i n  t h e  c a l c i u m  c o n c e n t r a t i o n  a l o n g  t h e  
l a k e  show t h a t  a  c l e a r  l o n g i t u d i n a l  g r a d i e n t  e x i s t s .  I t  t u r n s  
o u t  t h a t  t h i s  i s  a l s o  t h e  c a s e  f o r  many o t h e r  c o n s t i t u e n t s .  
F i g u r e  3  shows t h e  y e a r l y  a v e r a g e  and y e a r l y  maximum v a l u e s  a t  
n i n e  measurement p o i n t s  a l o n g  t h e  l a k e  f o r  c h l o r o p h y l l ,  ( a s  
a n  i n d i c a t o r  of  a l g a l  b iomass )  and f o r  some forms o f  t h e  p r i n c i p a l  
n u t r i e n t ,  phosphorus .  Both t o t a l  d i s s o l v e d  and t o t a l  p a r t i c u -  
l a t e  phosphorus  show a  marked g r a d i e n t ,  w i t h  c o n c e n t r a t i o n s  de- 
c r e a s i n g  from K e s z t h e l y  towards  S i d f o k .  T h i s  i s  a l s o  m i r r o r e d  
i n  t h e  c h l o r o p h y l l  d a t a .  S i m i l a r  g r a d i e n t s  a r e  s e e n  f o r  sus -  
pended s o l i d s  and  s e c c h i - d i s k  d e p t h .  I t  i s  o b v i o u s  t h a t  t h e  
Zala  R i v e r  p l a y s  a  major  r o l e  i n  t h i s  r e s p e c t .  On t h e  b a s i s  
o f  F i g u r e  3  a n o t h e r  i m p o r t a n t  c o n c l u s i o n  c a n  be  drawn, namely 
t h a t  wind mixing ,  alt.hn11gh p r o b a b l y  s i g n i f i c a n t ,  i s  n o t  s t r o n g  
enough t o  remove t h e  l o n g i t u d i n a l  g r a d i e n t  e n t i r e l y .  C o n s e q u e n t l y ,  
t h e  l a k e  c a n  n o t  b e  c o n s i d e r e d  as f u l l y  mixed, which i s  i ~ p o r -  
t a n t  f o r  model ing p u r p o s e s .  Thus f a r ,  a  d e s c r i p t i o n  w i t h  
f o u r  segments  h a s  been  f r e q u e n t l y  used  ( c f .  F i g u r e  1 ) .  I t  
s h o u l d  b e  n o t e d ,  however,  t h a t  t h i s  s e l e c t i o n  was made on 
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Figure  3 .  Longi tud ina l  d i s t r i b u t i o n  of phosphorus 
and ch lo rophy l l - a  over  t h e  p e r i o d  1 9 7 6 - 1 9 7 8 .  
o : average ;  b a r s :  s t a n d a r d  d e v i a t i o n s ;  
A : maximum va lue  
h y d r o l o g i c a l  m o t i v e s .  I t  c a n  n o t  b e  e x c l u d e d  t h a t  o n  t h e  b a s i s  
o f  hydrodynamica l  o r  e c o l o g i c a l  c o n s i d e r a t i o n s  o t h e r  s e g m e n t a t i o n s  
may b e  p r e f e r r e d .  
1 . 5 .  P h y t o p l a n k t o n  and  P h o s p h a t e  Dynamics 
I t  i s  i n t e r e s t i n g  t o  have  a c l o s e r  l o o k  a t  t h e  phosphorus  
a n d  c h l o r o p h y l l  d a t a .  One s i g n i f i c a n t  a s p e c t  c o u l d  a l r e a d y  b e  
r e a d  from F i g u r e  3 .  T h i s  i s  t h e  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n  
o f  t o t a l  d i s s o l v e d  p h o s p h o r u s .  F i g u r e  4 shows t h e  dynamics  o f  
t h e  v a r i o u s  phosphorus  f r a c t i o n s ,  t o g e t h e r  w i t h  c h l o r o p h y l l ,  
f o r  t h e  y e a r s  1975-1978. The t w o  l i n e s  f o r  c h l o r o p h y l l  r e p r e -  
s e n t  t w o  d i f f e r e n t  d a t a  s o u r c e s .  Again ,  t h e  h i g h  p r o p o r t i o n  
o f  t h e  t o t a l  d i s s o l v e d  p h o s p h o r u s  s t r i k e s  t h e  e y e .  I t  c o n s t i -  
t u t e s  a b o u t  1 /3  t o  1/2 o f  t h e  t o t a l  phosphorus  f r a c t i o n .  S i n c e  
t h e  o r t h o - p h o s p h a t e  is  u s u a l l y  v e r y  l o w  (2-5  mg/m3) m o s t  o f  t h e  
t o t a l  d i s s o l v e d  p h o s p h a t e  i s  o f  o r g a n i c  o r i g i n ,  or  c o n s i s t s  o f  
condensed  ( p o 1 y ) - p h o s p h a t e s .  Accord ing  t o  a  r e c e n t  p u b l i c a t i o n  
(Dobo ly i  1979)  t h e  l a t t e r  c a n  b e  a  c o n s i d e r a b l e  f r a c t i o n .  
However, v e r y  s t r o n g  i n d i c a t i o n s  e x i s t  t h a t  b o t h  fo rms ,  w h e t h e r  
d i s s o l v e d  o r g a n i c  o r  d i s s o l v e d  condensed  p h o s p h a t e s ,  o r i g i n a t e  
f rom decay  o f  p h y t o p l a n k t o n  and  o t h e r  l i v i n g  o r g a n i s m s  i n  t h e  
l a k e .  Rapid d e m i n e r a l i z a t i o n  by h e t e r o t r o p h i c  b a c t e r i a  is  
l i k e l y  to p l a y  a m a j o r  role  i n  t h e  s u p p l y  o f  o r t h o - p h o s p h a t e  
needed  t o  s u s t a i n  t h e  a l g a l  c o n c e n t r a t i o n s  o b s e r v e d .  W i t h o u t  
t h i s  i n t e r n a l  s o u r c e  a l g a l  g r o w t h s  o f  t h i s  e x t e n t  would b e  
i m p o s s i b l e .  Ano the r  p o s s i b i l i t y  i s  t h a t  p h o s p h a t e  i s  r e l e a s e d  
from t h e  s e d i m e n t .  T h i s  w i l l  b e  d i s c u s s e d  l a t e r .  
From t h e  t i m e  p a t t e r n  i n  F i g u r e  4 it i s  o b v i o u s  t h a t  t h e  
l a k e ' s  h y d r o b i o l o g y  i s  h i g h l y  dynamic,  and  s t r o n g  d i f f e r e n c e s  
b o t h  i n  p a t t e r n  and  i n  maximum a l g a l  c o n c e n t r a t i o n s  e x i s t s  f rom 
y e a r  t o  y e a r .  T h i s  i s  a l s o  c o n f i r m e d  by t h e  a v a i l a b l e  b iomass  
d a t a .  N e v e r t h e l e s s ,  a g e n e r a l t e n d e n c y  i s  t h e  o c c u r r e n c e  o f  
d i a t o m s  i n  s p r i n g ,  f o l l o w e d  by  a  mixed p h y t o p l a n k t o n  domina ted  
by C e r a t i u m  h i r u n d i n e l l a  i n  summer. I n  t h e  K e s z t h e l y  Bay a n d  
t h e  a d j a c e n t  S z i g l i g e t  Bay b l u e - g r e e n  a l g a e  ( m a i n l y  Aphanizomenon 
f l o s - a q u a e )  h a v e  s t a r t e d  t o  b e  dominant  i n  r e c e n t  y e a r s .  An 
i m p r e s s i o n  on  t h e  deve lopmen t  o f  t h e  e u t r o p h i c a t i o n  p r o c e s s  c a n  
b e  o b t a i n e d  from F i g u r e  5 ,  showing t h e  p r i m a r y  p r o d u c t i o n  i n  t h e  
6 7 8 
BASIN-I TPP[=) PGP(3; 
F i g u r e  4 .  C h l o r o p h y l l  a n d  p h o s p h a t e  d a t a  f o r  K e s z t h e l y  Bay 
1975-1978.  
TP: t o t a l  p h o s p h a t e  DOP: d i s s o l v e d  o r g a n i c /  
c o n d e n s e d  p h o s p h a t e  
TDP: t o t a l  d i s s o l v e d  p h o s p h a t e  TPP: t o t a l  p a r t i c u l a t e  p h o s p h a t e  
PO,+ : o r t h o p h o s p h a t e  POP: p a r t i c u l a t e  p h o s p h a t e  
D a t a  f o r  c h l o r o p h y l l  f r o m two d i f f e r e n t  s o u r c e s  ( v a n  S t r a t e n  
e t  a l .  ' 1 9 7 9 ) .  

v a r i o u s  p a r t s  o f  t h e  l a k e  ( c f .  Herodek 1 9 7 7 ) .  The m o s t  s t r i k i n g  
a r e  t h e  p r i m a r y  p r o d u c t i o n  v a l u e s  f o r  K e s z t h e l y  Bay i n  1973 ,  
2 
t h e  peak  v a l u e  c o r r e s p o n d i n g  t o  830 gC/m / y r ,  a  h y p e r t r o p h i c  
v a l u e .  The p r o d u c t i o n  t o  b i o m a s s  r a t i o  c a n  b e  a s  h i g h  as  3-4 
d ay - ' ,  w h i c h  l e a d s  t o  t h e o r e t i c a l  maximum g r o w t h  r a t e s  o f  10 
day- '  o r  more .  T h e s e  v a l u e s  are  among t h e  h i g h e s t  e v e r  r e p o r t e d  
i n  t h e  i n t e r n a t i o n a l  l i t e r a t u r e .  The a c t u a l  g r o w t h  r a t e  i s  
l o w e r  b e c a u s e  o f  n u t r i e n t  a n d  l i g h t  l i m i t a t i o n .  Due t o  t h e  
s h a l l o w n e s s  a  s t e a d y  i n t e r c h a n g e  o f  s u s p e n d e d  m a t e r i a l  w i t h  t h e  
s e d i m e n t  t a k e s  p l a c e  u n d e r  t h e  i n f l u e n c e  o f  w ind .  The t r a n s p a r e n c y  
i s ,  t h e r e f o r e ,  h i g h l y  f l u c t u a t i n g .  T y p i c a l  e x t i n c t i o n  c o e f  f i -  
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c i e n t s  are  2-4 m ( c f .  Van S t r a t e n  1 9 8 0 ) .  A t  t h e  l a k e  s u r f a c e  
p h o t o i n h i b i t i o n  o f t e n  o c c u r s .  
G i ve n  t h e  h i g h  g r o w t h  r a t e s  t h e  q u e s t i o n  may r ise:  w h a t  
p r o c e s s e s  are  r e s p o n s i b l e  f o r  t h e  d e a t h  o f  a l g a e ?  T h i s  q u e s t i o n  
h a s  n o t  b e e n  f u l l y  r e s o l v e d  y e t .  A f a c t  i s  t h a t  z o o p l a n k t o n  con-  
c e n t r a t i o n s  are  g e n e r a l l y  l ow ,  d e s p i t e  t h e  f a v o r a b l e  f e e d i n g  
c o n d i t i o n s .  The h i g h  s u s p e n d e d  s o l i d  c o n c e n t r a t i a n s  ( i n  t h e  
f o r m  o f  c a l c i u m  c a r b o n a t e )  i s  p e r h a p s  r e s p o n s i b l e  f o r  t h i s .  
1 . 6 .  S e d i m e n t  and  S e d i m e n t - w a t e r  Interaction 
A f a c t o r  o f  c o n s i d e r a b l e  u n c e r t a i n t y  i n  t h e  s t u d y  o f  t h e  
e u t r o p h i c a t i o n  p r o c e s s  o f  L ake  B a l a t o n  i s  t h e  r o l e  o f  t h e  s e d i -  
m en t .  A l t h o u g h  m o s t  o f  t h e  p h o s p h o r u s  e n t e r i n g  t h e  l a k e  i s  
s t o r e d  i n  t h e  s e d i m e n t  ( 80 -90%)  a  v e r y  l a r g e  p r o p o r t i o n  i s  
p r o b a b l y  n o t  a v a i l a b l e  f o r  a l g a l  g r o w t h .  ~ c o l o g i c a l l y  m o s t  
s i g n i f i c a n t  i s  t h e  t o p  l a y e r ,  t h a t  i s  t h e  l a y e r  t h a t  c o u l d  
b e  s w e p t  away by wind  i n d u c e d  c u r r e n t s  and  w aves .  I t  
was c a l c u l a t e d  f r o m  oxygen  m e a s u r e m e n t s  t h a t  r o u g h l y  1 /3  o f  
t h e  t o t a l  m i n e r a l i z a t i o n  o f  d e a d  o r g a n i c  matter t a k e s  p l a c e  i n  
t h e  s e d i m e n t .  Even s o ,  t h e  s e d i m e n t  i s  r e l a t i v e l y  p o o r  i n  
o r g a n i c  mater ia l  ( o n l y  2% o f  d r y  w e i g h t ) .  The t o p  l a y e r  i s  
n e a r l y  a l w a y s  a e r o b i c ,  e x c e p t  d u r i n g  s h o r t  p e r i o d s  o f  m i c r o -  
s t r a t i f i c a t i o n  i n  t h e  K e s z t h e l y  and  S z i g l i g e t  b a s i n .  S e d i m e n t  
a n a l y s i s  shows t h a t  a  s u b s t a n t i a l  p a r t  o f  t h e  p h o s p h o r u s  i n  
t h e  s e d i m e n t  i s  bound t o  c a l c i u m  c a r b o n a t e ,  and  a l s o  i r o n  com- 
pounds  s e e m  t o  p l a y  a r o l e  ( c f .  D o b o l y i  1 9 8 0 ) .  
The r o l e  o f  t h e  wind can  be  e x e m p l i f i e d  by l o o k i n g  a t  t h e  
w a t e r  body d a t a  i n  March, 1977. I n  t h e  Szemes b a s i n  measurements 
were conducted  on two c o n s e c u t i v e  d a y s ,  where on t h e  second day 
a heavy s t o r m  p r e v a i l e d .  The d a t a  a r e  p r e s e n t e d  i n  T a b l e  1 .  
I n s p e c t i o n  o f  t h e  d i f f e r e n t ' f r a c t i o n s  c l e a r l y  i n d i c a t e s  t h a t  
t h e  o b s e r v e d  i n c r e a s e  i n  t o t a l  P can  be f u l l y  a t t r i b u t e d  t o  t h e  
p a r t i c u l a t e  phosphorus  f r a c t i o n s .  Both p a r t i c u l a t e  o r g a n i c ,  a s  
w e l l  a s  p a r t i c u l a t e  i n o r g a n i c  phosphorus i n c r e a s e d  remarkab ly ,  
whereas no s i g n i f i c a n t  i n c r e a s e  i n  o r tho-phospha te  and o t h e r  
d i s s o l v e d  phospha te  f r a c t i o n s  was obse rved .  
Tab le  1.  E f f e c t  o f  a Storm on Water Q u a l i t y  Data  (Szemes) 
The same r e s u l t s  were o b t a i n e d  i n  a d e t a i l e d  s t u d y  based 
on d a i l y  measurements  (Somly6dy 1 9 8 0 ) .  Thus, s w i r l i n g  up o f  
sed iment  p a r t i c l e s  i s  a s i g n i f i c a n t  p r o c e s s .  From t h e  l a c k  of 
i n c r e a s e  of  d i s s o l v e d  phosphorus f r a c t i o n  o n e  would t e n d  t o  
conc lude  a t  f i r s t  g l a n c e  t h a t  t h e  r o l e  o f  mixing of phosphorus-  
r i c h  i n t e r s t i t i a l  w a t e r  i s  n o t  v e r y  i m p o r t a n t .  However, t h i s  
need n o t  n e s s a r i l y  b e  t r u e .  C e r t a i n l y  f o r  t h e  d e e p e r  p a r t s  o f  
t h e  l a k e ,  where i n t e r s t i t i a l  d i s s o l v e d  phosphorus c o n c e n t r a -  
t i o n s  a r e  t y p i c a l l y  i n  t h e  o r d e r  of 100 m g ~ / m 3 ,  t h e  o b s e r v e d  
e r o s i o n  w i l l  l e a d  t o  10 more t h a n  0.1 mgp/m2 r e l e a s e ,  o r  f o r  
28-3-1977 29-3-1977 
Average wind s p e e d  3 11 
Suspended s o l i d s  
C h l o r o p h y l l  
T o t a l  phospha te  
T o t a l  d i s s o l v e d  phospha te  
Ortho-phosphate 
T o t a l  p a r t i c u l a t e  phospha te  
P a r t i c u l a t e  i n o r g a n i c  phospha te  
P a r t i c u l a t e  o r g a n i c  phospha te  
mg/l 14 248 
mg/m3 19 37 
mg/m3 28 160 
mg/m3 11 10 
mg/m3 7 8 
m9/m3 17 150 
mg/m3 5 6 5 
mg/m3 12 85 
t h e  whole l a k e  10 more t h a n  5-10% o f  t h e  t o t a l  e s t i m a t e d  
d i s s o l v e d  phosphorus  l o a d i n g .  But  i n  t h e  s h a l l o w e r  n e a r  
s h o r e  r e g i o n s ,  m u c h l a r g e r  r e l e a s e s  may b e  p o s s i b l e  f o r  two 
r e a s o n s :  f i r s t ,  i n t e r s t i t i a l  phosphorus  c o n c e n t r a t i o n s  a l o n g  
t h e  s h o r e  a r e  g e n e r a l l y  5 t o  10 t i m e s  l a r g e r  t h a n  a t  mid - l ake  
p o i n t s ,  and s e c o n d ,  t h e  wind induced  e r o s i o n  i s  l a r g e  i f  t h e  
w a t e r  d e p t h  i s  less.  Moreover ,  a  s i g n i f i c a n t  r e l e a s e  of o r t h -  
p h o s p h a t e  may n o t  b e  immedia t e ly  d i s c e r n a b l e  i n  t h e  w a t e r  body 
b e c a u s e  o f  s i m u l t a n e o u s  and f a s t  removal  o f  a l g a l  u p t a k e  by 
a d s o r p t i o n  o n  suspended  s o l i d s .  
I t  may b e  n o t e d  from T a b l e  1  t h a t  a  r ise  i n  c h l o r o p h y l l  
was a l s o  r e c o r d e d .  T h i s  would b e  c o n s i s t e n t  w i t h  t h e  o b s e r -  
v a t i o n  t h a t  t h e  s e d i m e n t  c o n t a i n s  a p p r e c i a b l e  amounts  o f  
c h l o r o p h y l l .  Fo r  example ,  w i t h  t h e  i n - l a k e  c h l o r o p h y l l  d a t a  
no c o r r e c t i o n  was made f o r  t h e  p h e o p h y t i n e  c o n t e n t ,  a n d ,  
c o n s e q u e n t l y ,  t h e  c o n t r i b u t i o n  o f  l i v i n g  a l g a e  i n  t h e  r e s u s -  
p e n s i o n  t e r m  i s  u n c e r t a i n .  T h e o r e t i c a l l y ,  a  r ise  i n  c h l o r o -  
p h y l l  c o u l d  a l s o  b e  d u e  t o  i n c r e a s e d  l o n g i t u d i n a l  mix ing  
d u r i n g  t h e  s t o r m  e v e n t ,  b e c a u s e  a  s h a r p  g r a d i e n t  f rom Kesz the -  
l e y  towards  Szemes e x i s t e d  b e f o r e  t h e  s t o r m ,  b u t  i t  i s  u n l i k e l y  
t h a t  t h i s  p r o c e s s  c o u l d  f u l l y  a c c o u n t  f o r  t h e  d o u b l i n q  i n  
c o n c e n t r a t i o n s .  
1 .7 .  N u t r i e n t  Loading 
Because  o f  t h e  dominan t  r o l e  o f  phosphorus ,  i n c r e a s e d  
l o a d i n g  o f  phosphorus  i n  t h e  p a s t  d e c a d e s  must  b e  h e l d  re- 
s p o n s i b l e  f o r  t h e  s l o w l y  d e t e r i o r a t i n g  w a t e r  q u a l i t y .  The 
p o p u l a t i o n  i n  t h e  B a l a t o n  ca t chmen t  a r e a  i n c r e a s e d  t o  
r o u g h l y  420,000 i n h a b i t a n t s  i n  1975. Development i n  t h e  r e g i o n  
h a s  l e a d  t o  a  l a r g e r  d e g r e e  of  p u b l i c  w a t e r  s u p p l y  ( 5 6 X ) ,  and 
a l t h o u g h  t h e  p r o p o r t i o n  o f  t h e  t o t a l  p o p u l a t i o n  c o n n e c t e d  t o  a  
sewage s y s t e m  i s  s t i l l  n o t  v e r y  h i g h  ( 2 7 X ) ,  it i s  l i k e l y  t h a t  
t h e  deve lopment  i n  t h i s  r e s p e c t  h a s  c o n t r i b u t e d  c o n s i d e r a b l y  
t o  t h e  n u t r i e n t  p rob lem o f  t h e  l a k e .  I n  a d d i t i o n ,  improved 
methods i n  a g r i c u l t u r e ,  t h e  ma jo r  a c t i v i t y  i n  t h e  w a t e r s h e d ,  h a s  
e n t a i l e d  t h e  u s e  o f  more f e r t i l i z e r ,  amounting t o  70 ,000  t o n s  
P205 e q u i v a l e n t s  i n  1975. Othe r  a g r i c u l t u r a l  a c t i v i t i e s  such  
a s  i n t e n s i v e  l i v e - s t o c k  b r e e d i n g  a r e  a l s o  s i g n i f i c a n t .  F i n a l l y ,  
i n  r e c e n t  y e a r s ,  t o u r i s m  around t h e  l a k e  h a s  grown t r emendous ly ,  
and on peak d a y s  d u r i n g  summer more t h a n  h a l f  a  m i l l i o n  p e o p l e  
t a k e  p a r t  i n  r e c r e a t i o n a l  a c t i v i t i e s  i n  t h e  d i r e c t  v i c i n i t y  of 
t h e  i a k e ' s  s h o r e s .  
Direct d a t a  o n  t h e  n u t r i e n t  l o a d i n g s  a r e  r e l a t i v e l y  scarce. 
The r e g u l a r  n l o n i t o r i n y  program cc jn ta ins  r a t h e r  d e t a i l e d  d a t a  f o r  
t h e  Zala  R ive r  ( c f .  J o b  i 9 8 0 ) ,  and from t h e s e  d a t a  e x t r a p o l a t i o n s  
t o  o t h e r  sub-wa te r sheds  c a n  be made b a s e d  o n  s u r f a c e  a r e a  and  
s l o p e  c o n d i t i o n s .  I n  t h i s  way t h e  r a t i o  o f  t h e  non-po in t  s o u r c e s  
o v e r  t h e  f o u r  b a s i n s  was c a l c u l a t e d  a s  1  : 1  : 0.45: 0 . 3  from 
K e s z t h e l y  t o  S i d f o k .  For  sewage l o a d i n g s  t h e  e s t i m a t e s  f o r  t h e  
l a k e  t o t a l  had t o  b e  i n t e r p o l a t e d  o v e r  t h e  f o u r  b a s i n s  w i t h  t h e  
p o p u l a t i o n  d e n s i t y  a n d  sewage s y s t e m  c o n n e c t i o n  r a t i o  a s  t h e  
main g u i d e l i n e .  A p a r t  from t h e  o r t h o - p h o s p h a t e  l o a d i n g  from 
t h e  Zala  R i v e r  t h e  d i s t r i b u t i o n  was e s t i m a t e d  as 0.1:0.25:0.25: 
0.4.  The u l t i m a t e  d i s t r i b u t i o n  o f  t h e  l o a d i n g s ,  s u c h  as u s e d  
i n  segment  o r i e n t e d  water q u a l i t y  models  (BALSECT a n d  SIMBAL, 
see S e c t i o n  3 . 3 . )  i s  summarized i n  F i g u r e  6 .  
The r o l e  o f  t h e  v a r i o u s  s o u r c e s  as w e l l  a s  t h e  e s t i m a t e  
f o r  t h e  p r e s e n t  ( b a s e  1975) t o t a l  and a v a i l a b l e  phosphorus  l o a d  
i s  p r e s e n t e d  i n  T a b l e  2. I t  s h o u l d  b e  s t r e s s e d  t h a t  t h e s e  d a t a  
a r e  s u b j e c t  t o  r e l a t i v e l y  h i g h  u n c e r t a i n t i e s  ( c f .  a l s o  J o l A n k a i ,  
1 9 8 0 ) .  T h i s  i s  even  more t r u e  f o r  t h e  column o n  ' a v a i l a b l e '  
p h o s p h a t e .  The a n n u a l  t o t a l  phosphorus  l o a d  t o  t h e  l a k e  i s  
e s t i m a t e d  t o  r a n g e  between 700 and 1,600 kg P/day,  o f  which 
r o u g h l y  430-860 kg P/day i s  l i k e l y  t o  b e  r e a d i l y  a v a i l a b l e  f o r  
a l g a l  growth  ( o r t h o - p h o s p h a t e ) .  The t o t a l  l o a d i n g  e s t i m a t e s  
2  a r e  e q u i v a l e n t  t o  a  y e a r l y  s u r f a c e  l o a d i n g  o f  0.4-1.0 g  P/m / y r  
i n  t o t a l  phosphorus .  However, a b o u t  1 /3  o f  t h e  l o a d i n g  i s  
r e c e i v e d  by t h e  K e s z t h e l y  Bay, hav ing  o n l y  6 .4% o f  t h e  t o t a l  
s u r f a c e  a r e a .  C o n s e q u e n t l y ,  t h e  s u r f a c e  l o a d i n g  o f  t o t a l  
2  phospha te  f o r  t h i s  p a r t  o f  t h e  l a k e  amounts t o  2.2-4.9 g  P/m / y r ,  
a  v e r y  h i g h  v a l u e .  
F i g u r e  6 .  Distribution o f  ? - load ing  o v e r  t h e  f o u r  B a l a t o n  
seg-xnen ts 
S = e s t i m a t e d  sewage l o a d  f o r  whole l a k e  
( t i m e  c o n s t a n t ,  b u t  h i g h e r  d u r i n g  
t o u r i s t  s e a s o n )  ; 
Zd = measured o r t h o - p h o s p h a t e  l o a d  by Zala  
R ive r  i t i m e  v a r y i n g  j 
Z = measured p a r t i c u l a t e  phosphorus  l o a d  by 
Zala  R i v e r  ( t i m e  v a r y i n g )  
Table 2. T e n t a t i v e  Es t ima te s  o f  P r e s e n t  T o t a l  and 
Ava i l ab l e  Phosphorus Loading o f  Lake Bala ton 
*Percentages  based on median va lues .  
2. HIERARCHY OF MODELS 
- 
The i n t r o d u c t i o n  of t h e  p rev ious  c h a p t e r  demons t ra tes  
t h e  complexity o f  t h e  wate r  q u a l i t y  problem. A s u c c e s s f u l  
d e s i g n  of models a s  a n  i n s t rumen t  f o r  management purposes  
would demand a  balanced i n t e g r a t i o n  of each of t h e  r e l e v a n t  
a s p e c t s ,  and r e q u i r e s  a  framework t o  p l a c e  each of t h e  i n d i -  
v i d u a l  e lements  of t h e  problem i n t o  t h e  p e r s p e c t i v e  of  t h e  
whole. Such a  framework i s  presen t ed  i n  F igu re  7 .  The b a s i c  
i dea  i s  t o  f i r s t  decompose t h e  conplex s t r u c t u r e  i n  s m a l l e r ,  
more t r a c t a b l e  u n i t s ,  a c c e s s i b i e  f c r  s e p a r a t e  and d e t a i l e d  
s tudy .  A decomposi t ion t h a t  d i r e c t l y  comes i n  mind i s  t h e  
d i s t i n c t i o n s  between l a k e  and watershed.  Indeed,  t h e  water  
q u a l i t y  problem i t s e l f  l i e s  i n  t h e  l a k e ,  b u t  t h e  causes ,  acd 
p r a c t i c a l l y  a l l  c o n t r o l  p o s s i b i l i t i e s ,  a r e  found i n  t h e  water-  
shed. I n  t h e  nex t  s t e p s ,  t h e  v a r i o u s  s t u d i e s  on t h e  b a s i c  
l e v e l  have t o  be  p u t  t o g e t h e r  on a  s u c c e s s i v e l y  h ighe r  l e v e l  of 
i n t e g r a t i o n .  I n  t h e s e  s t e p s  i t  i s  l i k e l y  t h a t  o n l y t h e e s s e n t i a l s  
- 
F e r t i l i z e r  l o s s ,  
e ro s ion ,  run-of f 
resuspens ion  
Liqu id  manure 
Indus t ry  
D i r e c t  sewage 
I n d i r e c t  sewage 
P r e c i p i t a t i o n  
To ta l  
"Readi ly  Avai lab lev-P  
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a r e  p r e s e r v e d  and t h a t  p a r t  o f  t h e  unnecessa ry  d e t a i l  i s  
r u l e d  o u t .  How t h i s  shou ld  be  done p r o p e r l y  i s  a  s u b j e c t  of  
c o n s i d e r a b l e  s c i e n t i f i c  s o p h i s t i c a t i o n ,  i n  which p r e s e n t  
i n t u i t i o n  and f e e l i n g  f o r  p r o p o r t i o n s  s t i l l  p l a y s  a  s i g n i f i -  
c a n t  p a r t .  
Re tu rn ing  t o  F i g u r e  7 l e t  u s  d i s c u s s  t h e  i d e a s  o u t l i n e d  
above i n  somewhat more d e t a i l .  The fcndaments  o f  t h e  a n a l y s i s  
c o n s i s t  o f  t h e  d e t a i l e d  s t u d i e s  o f  c h e m i c a l ,  b i o l o g i c a l ,  and 
p h y s i c a l  p r o c e s s e s  a t  t h e  l o w e s t  l e v e l  of  i n t e g r a t i o n .  Even 
on t h i s  l e v e l  s i n i p l i f i c a t i n s  o f  r e a l i t y  a r e  s o u g h t  by employing 
modeling t e c h n i q u e s ,  s o  a s  t o  e n s u r e  t h a t  t h e  most s i g n i f i c a n t  
f e a t u r e s  of  t h e  sys tem b e h a v i o r  a r e  c a p t u r e d  by t h e  models .  
I t  i s  obv ious  t h a t  t h e s e  models r e l y  h e a v i l y  on  f i e l d  o b s e r -  
v a t i o n s  and s p e c i f i c  f i e l d -  and l a b o r a t o r y  s t u d i e s .  G e n e r a l l y  
o n e  would f i n d  t r y  t o  i s o l a t e  p a r t s  of  t h e  sys tem f o r  t h i s  
purpose  t o  e x c l u d e  d i s t u r b a n c e s  by g e o g r a p h i c  d i f f e r e n c e s  
( e . ~ .  sci l  t y p e s ,  s l o p e  c o n d i t i o n s ,  load  u s e ,  p o l l u t i o n  
l o a d i n g ,  wind e x p o s u r e ,  e tc . )  . According t o  t h i s  l i n e  each  
o f  t h e  models marked " 1 "  i n  F i g u r e  7 h a s  t o  be  developed f o r  
more o r  less uniform wate r shed  and l a k e  segments .  It s h o u l d  
b e  n o t e d ,  however, t h a t  t h e s e  a r e  no ha rd  s c i e n t i f i c  methods 
t o  d e c i d e  how uniform ' u n i f o r m '  shou ld  b e ,  and e x p e r i e n c e  
and d a t a  based  judgement a r e  s t i l l  i m p o r t a n t  h e r e .  
On t h e  n e x t  l e v e l  (marked "2" )  t h e  segment-or iented  
submodeis a r e  l i n k e d  t o g e t h e r .  For t h e  wa te r shed  t h i s  i s  t h e  
i n t e r a c t i o n  and t r a n s p o r t  model which combines t h e  s e c t i o n a l  
run-off  and e r o s i o n  i n c l u d i n g  t h e  c a r r i e d  and t ranformed 
p o l l u t a n t s  i n t o  t h e  non-point  s o u r c e s  ( t r i b u t a r y  s o u r c e s )  t o  
t h e  l a k e .  I n  t h e  l a k e  i t s e l f  t h e  s e c t i o n a l  b iochemica l  and 
sed iment  models  a r e  coup led  by t h e  hydrodynamic t r a n s p o r t  
model.  
I n  t h e  n e x t  l e v e l  o f  i n t e g r a t i o n  t h e  non-point  s o u r c e s  
a r e  combined w i t h  t h e  p o i n t  s o u r c e s  i n t o  t h e  n u t r i e n t  l o a d i n g  
model,  which p r o v i d e s  t h e  i n p u t  f o r  t h e  l a k e  e u t r o p h i c a t i o n  
model based o c  t h e  lower l e v e l  l a k e  submodels.  On t h i s  l e v e l  
s i m u l a t i o n s  c a n  b e  made of l a k e  w a t e r  q u a l i t y  under  v a r i o u s  
a l t e r n a t i v e  management s c e n a r i o s ,  t h u s  p r o v i d i n g  t h e  informa-  
t i o n  t o  b e  used i n  a  w a t e r  q u a l i t y  management model f o r  t h e  
o f  t h e  b e s t ,  t h e  o p t i m a l  o r  n o n - i n f e r i o r  s o l u t i o n s  (see b e l o w ) .  
F i n a l l y ,  t h i s  wa te r  q u a l i t y  management model cou ld  b e  t h o u g h t  
of  b r i n g  a  p a r t  of a  r e g i o n a l  deve lopment  p o l i c y  model ,  i n  
which w a t e r  q u a l i t y  i s  c o n s i d e r e d  a s  b u t  o n e  e l e m e n t  o u t  o f  
t h e  t o t a i  s p e c t r u m  o f  a s p e c t s  i n f l u e n c i n g  r e g i o n a l  deve lopmen t .  
Work on  t h i s  t y p e  o f  model ,  however,  g o e s  beyond t h e  competence  
of  t h e  R e s o u r c e s  a n 6  Envi ronment  Area a n d  w i l l  n o t  b e  d i s c u s s e d  
i n  t h i s  r e p o r t .  
F i g u r e  7 s t r u c t u r e s  t h e  v a r i o u s  mode l ing  a c t i v i t i e s  i n  
v a r i o u s  s t r a t a ,  f i n a l l y  l e a d i n g  c o  t h e  i n t e g r a t e d  w a t e r  q u a l i t y  
manageinent model a t  t h e  t i p  o f  t h e  h i e r a r c h y  pyramid ( f i r s t  
s t r a t u m ) .  What t h i s  r e p r e s e n t a t i o n  d o e s  n o t  show i s  how t h e  
management model  f e e d s  back  t o  t h ~  lower  s t r a t a  when it comes 
t o  r e a l  a p p l i c a t i o n  i n  d e c i s i o n  making.  T y p i c a l l y ,  t h e  pu r -  
p o s e  o f  t h e  d e s i s i o n  model would b e  t o  g e n e r a t e  a l t e r n a t i v e  
management o p t i o n s  and  s t r a t e g i e s ,  and t o  se lec t  among t h e s e  
a l t e r n a t i v e s  o n  t h e  b a s i s  o f  o n e  o r  more o b j e c t i v e s .  The f e e d -  
back  i n  t h i s  p r o c e s s  o f  management a l t e r n a t i v e  g e n e r a t i o n  and  
s e l e c t i o n  may b e  i l l u s t r a t e d  by t h e  f o l l o w i n g  s i m p l e  example .  
T h i s  example w i l l  a l s o  s e r v e  t o  i l l u s t r a t e  t h e  a p p l i c a t i o n  o f  
t h e  l ower  s t r z t a  o f  t h e  d e c i s i o n  h i e r a r c h y :  t h e  n u t r i e n t  
l o a d i n g  and  l a k e  e u t r o p h i c a t i o n  mode i s .  I n  p r e s e n t i n g  t h e  
example ,  w e  r e f e r  t o  F i g u r e  8 which shows t h e  e l e m e n t a r y  s t r u c -  
t u r e  G £  F i g u r e  7 i n  a  s i m p l i f i e d  f a s h i o n  f o r  f o u r  a l t e r n a t i v e  
management s t r u c t u r e s .  
P a r t  ( a )  o f  F i g u r e  8 i n d i c a t e s  t h a t  e v e r y  management 
a l t e r n a t i v e  ( g e n e r a t e d  by t h e  management a l t e r n a t i v e  g e n e r a t o r ,  
MAG) l e a d s  t o  a  c e r t a i n  n u t r i e n c  i n p u t  i i n p )  t o  t h e  l a k e  and  a  
r e s u l t i n g  w a t e r  q u a l i t y  ( w q ) .  I n  t h i s  example ,  w e  assume t h a t  
t h e  e f f e c t s  o f  t h e  managsment s t r a t e g y  upcn  t h e  i n p u t  and  upon 
w a t e r  q u & l i t y  mhy b e  computed w i t h  t h e  h e l p  of  t h e  n u t r i e n t  
l o a d i n g  model ( NLM) ar,d t h e  l a k e  e u t r o p h i c a t i o n  model (LEM) , 
r e s p e c t i v e l y .  Hence,  t h e s e  l ower  s t r a t a  models  occupy a  p l a c e  
o f  i m p o r t a n c e  I n  t h e  d e c i s i o n  s t r u c t u r e  h i e r a r c h y .  
With less  p r e d i c t i v e  a b i l i t y  o f  t h e  n u t r l e n t  l o a d i n g  and  
e u t r o p h i c a t i o n  models  o f  t h e  second  s t r a t u m ,  and t h e  a s s o c i a t e d  
l o w e r - l e v e l  submodel o n e  m i g h t  a t t e m p t  t o  b y p a s s  t h e s e  u s u a l l y  
complex e l e m e n t s  by employing  a  d i r e c t  r e l a t i o n s h i p  be tween  
nianagenent and  w a t e r  q u a l i t y  ( d a s h e d  l i n e  i n  Figclre  7 ) , 
such  a n  a t t e m p t  h a s ,  i n  f a c t ,  been  made f o r  t h e  Lake B a l a t o n  




F i g u r e  8 .  V a r i o u s  s i m p l i f i e d  management d e c i s i o n  s t r u c t u r e s .  
MAG = Management A l t e r n a t i v e  Genera to r  
NLM = N u t r i e n t  Loading Model 
LEM = Lake E u t r o p h i c a t i o n  Model 
i n p  = l a k e  n u t r i e n t  i n p u t  
wq = l a k e  wa te r  q u a l i t y  
exp = t o t a l  expenses  ( i n c l u d i n g  i m p o n d e r a b i l i a )  
( a )  , ( b j  , ( c )  , and ( d )  - see t e x t .  
Each p o s s i b l e  management a l t e r n a t i v e  i s ,  o f  c o u r s e ,  
a s s o c i a t e d  w i t h  e x p e n s e s  iexp)  , and t h e s e  a r e  a l s o  i n d i c a t e d  
i n  F i g u r e  8 .  W e  u s e  t h e  t e r m  e x p e n s e s  h e r e ,  r a t h e r  t h a n  c o s k s  
t o  emphas izz  t h a t  t h e  i m p o r t a n t  consequences  o f  a  management 
d e c i s i o n  may i n c l u d e  more t h a n  j u s t  c a p i t a l  and o p e r a t i n g  
costs .  For  example ,  a g r i c u l t u r a l  ~ O S S ,  l o s s  o f  n a t u r a l  
p r e s e r v a t i o n  a r e a ,  s o c i a l  i m p a c t s ,  and o t h e r  s o - c a l l e d  
imp~ndcrabilia must  b e  c o n s i d e r e d .  
The p a r t s  ( b ) ,  ( c ) ,  and ( d )  o f  F i g u r e  8  a r e  f u r t h e r  exam- 
p l e s  t o  d e m o ~ s t l - a t e  t h e  v a r i o u s  ways i n  which t h e  b a s i c  s t r u c t a r e  
c a n  b e  o p e r a t e d .  Fo r  i n s t a n c e ,  or,e m i g h t  d e s i r e  t o  s e t  a  s p e c i f i c  
w a t e r  q u a l i t y  s t a n d a r d  ( e . g .  a l g a l  b i o m a s s ) ,  which  t h e n  s e r v e s  
a s  a  c o n s t r a i n t  c o n d i t i o n  ( F i g u r e  8 b ) .  One t h e n  selects  a  
s o l u t i o n  t h a t  min imizes  t h e  e x p e n s e s  unde r  t h i s  c o n s t r a i n t .  
I n  F i g u r e  8 c  a  f i x e d ,  p r e s c r i b e d  amount o f  e x p e n s e s  i s  assumed. 
Here t h e  s o l u t i o n  w i l l  b e  s e l e c t e d  which  min imizes  e i t h e r  t h e  
i n p u t s  o r  t h e  w a t e r  q u a l i t y  v a r i a b l e .  Note t h a t  i n  t h i s  c a s e  
t h e  l a k e  e u t r o p h i c a t i o n  model m e r e l y  s e r v e s  a s  a  check  on  whe- 
t h e r  t h e  o b t a i n e d  minimum i n p u t ,  g i v e n  t h e  a l l o w a b l e  e x p e n s e s ,  
l e a d s  t o  a n  a c c e p t a b l e  improvement o f  w a t e r  q u a l i t y  o r  n o t .  
I n  t h e  examples  ( b )  and ( c )  o n l y  one  s i n g l e  cr i ter iol ;  was used  
t o  se lec t  a n  o p t i m a l  management s t r a t e g y .  I n  many p r a c t i c a l  
s i t u a t i o n s  t h i s  i s  n o t  f u l l y  r e a l i s t i c ,  and a  m u l t i - c r i t e r i a  
problem o f  t h e  t y p e  o f  exampie (d) must  b e  s o l v e d .  Here s o n e  
w e i g h t i n g  o f  w a t e r  q u a l i t y  improvement and  r e q u i r e d  e x p e n s e s  
i s  n e c e s s a r y .  I t  s h o u l d  b~  n o t e d  t h a t  t h e  management a l t e r -  
n a t i v e  g e n e r a t o r  m u s t  b e  d e s i g n e d  i n  such  a  way t h a t  s o l u t i o n s  
f o r  which b o t h  c r i t e r i a  c a n  b e  improved s i m u l a t a n e o u s l y  ( s o -  
c a l l e d  i n f e r i o r  s o l u t i o n s i  a r e  r e j e c t e d  r i g h t  away. A s  a  
f i n a l  remark  n o t e  t h a t  t h e  examples  g i v e n  h e r e  a r e  o f  t h e  
u t m o s t  s i m p l i c i t y .  I n  f a c t ,  e v e n  i n  t h e  c a s e s  ( b )  and ( c )  
some k i n d  o f  p r o c e d u r e  a s  g i v e n  i n  ( d )  Is u n a v o i d a b l e  i f  t h e  
imponderatilia a r e  t o  b e  a c c o u n t e d  f o r  i n  a  p r o p e r  way. 
3 .  EUTROPHICATION MODELS 
3 .1  . Hydrodynamics 
The e f f e c t  o f  wind induced  w a t e r  mot ion  on  l a k e  e c o i o g y  
may b e  c l a s s i f i e d  i n t o  two c a t e g o r i e s  ( c f .  Son~lyody 1 9 7 9 )  . The 
f i r s t  one  i s  t h e  e n t r a i n m e n t  o f  d i f f e r e n t  s u b s t a n c e s  from t h e  
bottom l a y e r  (see Chapte r  1 )  i n c l u d i n g  sed iment  and pore  w a t e r .  
A b r i e f  d i s c u s s i o n  of modeling a t t e m p t s  o n  t h e  i n t e r a c t i o n  
problem w i l l  f o l l o w  i n  t h e  n e x t  s e c t i o n .  The second e f f e c t  
r e l a t e s  t o  t h e  t r a n s p o r t  of d i s s o l v e d  and p a r t i c u l a t e  m a t e r i a l s  
i n  t h e  w a t e r .  T h i s  p r o c e s s  i s  governed by t h e  wind-induced 
c i r c u l a t i o n  and d e t e r m i n e s  t h e  mixing of  n u t r i e n t  o r  p o l l u t a n t  
r i c h  i n f l o w i n g  w a t e r s  w i t h  l a k e  w a t e r  and t h e  mass exchange 
i n  a  g l o b a i  s e n s e  among d i f f e r e n t  l a k e  segments .  T h i s  second 
p r o c e s s  i s  of  g r e a t  i n t e r e s t  from a n  e c o l o g i c a l  p o i n t  of  view. 
To e s t i m a t e  I ts  r o l e ,  t h e  a r ~ a l y s i s  o f  t i m e  s c a l e s  i s  a  u s e f u l  
t o o l .  Harleman and Shanahan (1980) found t h a t  d i f f u s i o n  and 
c i r c l i l a t i o n  has  a p p r o x i m a t e l y  t h e  same t i m e  s c a l e  a s  b i o l o g i c a l  
and chemica l  t r a n s f o r m a t i o n s  between a  day  and a  week w h i l e  
h y d r o l o g i c a l  th rough  f l o w  o p e r a t e s  on  a  much l o n g e r  s c a l e .  
S i m i l a r  c o n c l u s i o n s  may b e  drawn from o t h e r ,  s imple  c a l c u l a t i o n s .  
When assuming,  f o r  example,  t y p i c a l  wind-induced v e l o c i t y  p r o f i l e  
w i t h  backflow i n  t h e  v e r t i c a l ,  t h e  renewal  t i m e  c a n  be  e s t i m a t e d  
f o r  t h e  K e s z t h e l y  Bay a s  5-10 d a y s  ( W  = 5-10 m / s ) .  On t h e  b a s i s  
o f  Muszkalay ' s  measurements  (1979) a  s e t - u p  w i t h  d u r a t i o n  12 h  
and W = 10 m / s  w i l l  c o n v e c t  approx imate ly  10% of t h e  b a s i n ' s  
t o t a l  w a t e r  voluem t o  i t s  ne ighbor  b a s i n .  A f t e r  t h e  wind 
d e c r e a s e s ,  t h e  c o n v e c t i o n  i s  fo l lowed  by a n  o s c i l i a t i o n  c a u s i n g  
d i s p e r s i v e - t y p e  t r a n s p o r t .  A l l  t h o s e  f a c t o r s  u n d e r l i n e  t h e  
s i g n i f i c a n c e  o f  wind-induced h o r i z o n t a l  t r a n s p o r t ,  a l t h o u g h  on 
t h e  a v e r a g e  t h i s  t r a n s p o r t  Is n o t  s u f f i c i e n t  t o  l e v e l  o u t  t h e  
g r a d i e n t s  a l o n g  t h e  a x i s  o f  t h e  l a k e ,  a s  shown i n  F i g u r e  3 .  
P r i n c i p a l l y  two d i f f e r e n t  p o s s i b i l i t i e s  e x i s t  t o  d e s c r i b e  
mass t r a n s p o r t  p r o c e s s e s  i n  a  lhke :  (i) t o  perform d e t a i l e d  
measurements  i n  s p a c e  f o r  some c o n s e r v a t i v e  s u b s t a n c e s  o r ,  
(ii) t o  d e v e l o p  mathemat ica l  models .  I n  t h e  absence  of  appro-  
p r i a t e  d a t a  h e r e  t h e  second approach w i l l  b e  reviewed.  
Mass t r a n s p o r t  i s  b a s i c a l l y  de te rmined  by w a t e r  mot ion ,  
c o n s e q u e n t l y  t h e  computa t ion  o f  t h e  v e l o c i t y  f i e l d  must b e  done  
f i r s t  o n  t h e  b a s i s  of  t h e  momentum and c o n t i n u i t y  e q u a t i o n s .  
Then, t h i s  can  b e  fo l lowed  by t h e  a p p l i c & t i o n  of t h e  a d v e c t i o n -  
d i f f u s i o n  e q u a t i o n .  The numer ica l  r e p r e s e n t a t i o n  o f  t h e  f i r s t  
p a r t  i s  c a l l e d  t h e  hydrodynamical  model, w h i l e  t h e  second i s  
c a i l e d  t h e  t r a n s p o r t  model,  though i n  p r a c t i c e ,  t h e y  a r e  a p p l i e d  
s ~ i m u l t a n e o u s l y .  I n  t h e  subsequen t  p a r a g r a p h s ,  hydrodynamical  
inodcls w i l l  b e  d i s c u s s e d  s i n c e  t h e i r  development  i s  much more 
p r o b l e m a t i c .  
The b a s i c  d i f f i c u l t y  i s  c a u s e d  by t h e  need t o  s o l v e  a  s e t  
o f  n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  (which  may a l s o  
i n c l u d e  e q u a t i o n s  f o r  d e r i v i n g  t h e  eddy v i s c o s i t y :  t h i s  i s  t h e  
s o - c a l l e d  c l o s u r e  problem)  w i t h  g e n e r a l l y  c o m p l i c a t e d  b o u n d a r i e s  
and boundary  c o n d i t i o n s .  T h i s  s o l u t i o n  n e e d s  c o n s i d e r a b l e  
computer  memory and  e x e c u t i o n  t i m e .  A c c o r d i n g l y ,  a  d e t a i l e d  
c o u p l i n g  w i t h  b i o l o g i c a l  models  i s  n o t  r e a l i s t i c .  A s i m p l i -  
f i c a t i o n  o f  t h e  problem may b e  r e a l i z e d  by e l i m i n a t i n g  dimen- 
s i o n s  a l o n g  wh ich  v e l o c i t y  c h a n g e s  a r e  n o n - e s s e n t i a l .  T h i s  
p r o c e d u r e  r e q u i r e s ,  however ,  d e t a i l e d  v e l o c i t y  f i e l d  measure-  
men t s  which  a r e  n o t  a v a i l a b l e  h e r e .  Thus ,  o n e  m u s t  s t a r t  w i t h  a  
t h r e e - d i m e n s i o n a l  a p p r o a c h ,  c a l i b r a t e  it t o  w a t e r  l e v e l  and 
e x i s t i n g  l i m i t e d  v e l o c i t y  d a t a ,  and t h e n  t o  t r y  and  s i m p l i f y  
t h e  model d e p e n d i n g  on t h e  l a k e  b e h a v i o r .  
The l i t e r a t u r e  i n c l u d e s  a  w ide  r a n g e  o f  mode l s ,  which were 
t h o r o u g h l y  r e v i e w e d  by Watanabe e t  a l .  ( 1 9 8 0 ) .  C o n s i d e r i n g  
t h r e e - d i m e n s i o n a l  v e r s i o n s  o n l y ,  t h e  mode l s  may b e  c l a s s i f i e d  
a c c o r d i n g  t o  t h e  f o l l o w i n g  c r i t e r i a  ( m u l t i l a y e r  models  a r e  
e x c l u d e d  h e r e ) :  t i m e  dependency  ( s t e a d y  o r  u n s t e a d y ) ,  s i m p l i -  
f i c a t i o n  o f  t h e  g o v e r n i n g  e q u a t i o n s  ( e . g .  n e g l e c t i o n  o f  non- 
l i n e a r  and h o r i z o n t a l  d i f f u s i o n  t e r m s ) ,  s o l u t i o n  t e c h n i q u e  
(mixed a n a l y t i c a l - n u m e r i c a l  or n u m e r i c a l  methods  s u c h  a s  t h a t  
of  t h e  e x p l i c i t  o r  i m p l i c i t  f i n i t e  d i f f e r e n c e s  and  f i n i t e  
e l e m e n t s ) ,  bounda ry  c o n d i t i o n s  i s l i p  o r  n o n - s l i p  c o n d i t i o n s ,  
r i g i d  l i d  a p p r o x i m a t i o n ,  e t c . ) ,  and  t r e a t m e n t  o f  t u r b u l e n t  eddy 
v i s c o s i t y  ( B o u s s i n e s q  a s s u m p t i o n  w i t h  empirical p a r a m e t e r s  
o r  more s o p h i s t i c a t e d  t u r b u l e n c e  s u b m o d e l ) .  I n  most c a s e s ,  t h e  
s o l u t i o n  t e c h n i q u e  i s  c l o s e l y  r e i a t e d  t o  t h e  p h y s i c a l  assump- 
t i o n s  made; t h i s  f a c t  e x p l a i n s  t h e  l a r g e  v a r i e t y  o f  e x i s t i n g  
models .  
I n  t h e  f r a m e  o f  t h e  Case  S t u d y  t h r e e  a p p r o a c h e s  were t e s t e d .  
A t  t h e  v e r y  b e g i n n i n g  a n  e f f o r t  was made t o  a p p l y  t h e  s t e a d y  
s t a t e ,  mixed a n a l y t i c a i - n u m e r i c a l  model o f  Gedney ( 1 9 7 1 ) ,  t h e  
computer  progrzim o f  which o r i g i n a l l y  was d e s i g n e d  f o r  Lake 
E r i e  (Durham a n d  B u t l e r  1 9 7 6 ) .  However, t h e  s t r u c t u r e  o f  t h e  
program i s  c l o s e l y  c o n n e c t e d  t o  Lake E r i e ,  c a u s i n g  t h e  model 
a d a p t i o n  t o  Lake B a l a t o n ' s  geomet ry  t o  b e  t o o  t e d i o u s  and  p r e -  
v e n t i n g  a c t u a l  r e s u l t s  f rom b e i n g  o b t a i n e d .  
A n o t h e r ,  more g e n e r a l  model deve loped  ear l ier  f o r  v e r t i c a l l y  
s t r a t i f i e d  c o o l i n g  ponds  was b r o u g h t  t o  IIASA by D r .  V . I .  Kvon 
( I n s t i t u t e  o f  Eydr.odynamics,  S i b e r i a n  Branch o f  t h e  USSR Academy 
of  S c i e n c e s ,  N o v o s i b i r s k ,  USSR). The model i n c l u d e s  t h e  non- 
l i n e a r  c o n v e c t i v e  terms, a p p l i e s  t h e  h y d r o s t a t i c  a p p r o x i m a t i o n  
f o r  p r e s s u r e  d i s t r i b u t i o n  a l o n g  the v e r t i c a l  and i g n o r e s  o n l y  
t h e  h o r i z o n t a l  t u r b u l e n t  d i f f u s i v i t y .  A f i n i t e  d i f f e r e n c e  s o l u -  
t i o n  t e c h n i q u e  i s  used .  The c l o s u r e  problem i s  s o l v e d  by u s i n g  
a  two-equa t ion  k- E t u r b u l e n c e  model (Launder  and S p a l d i n g  1  9 7 2 ,  
Watanabe e t  a l .  1980) ,  which i n v o l v e s  two a d d i t i o n a l  e q u a t i o n s  
f o r  t h e  t u r b u l e n t  k i n e t i c  e n e r g y  and i t s  d i s s i p a t i o n  ra te ,  
r e s p e c t i v e l y .  
I n  p r a c t i c e  a p p l i c a t i o n  t o  Lake B a l a t o n  t h e  maximal number 
o f  g r i d  p o i n t s  i s  l i m i t e d  by t h e  IIASA computer  (221 h o r i z o n -  
t a l l y  and  5 v e r t i c a l l y ) .  F u r t h e r m o r e ,  t h e  program may employ 
a s t e p f u n c t i o n  wind i n p u t  h i s t o r y  o n l y ,  which l i m i t s  t h e  a p p l i -  
c a t i o n  t o  t h e  simulation o f  s e t - u p  e v e n t s .  R e s u l t s  i n d i c a t e  
t h a t  t h e  l a k e  l e v e l s  f o r  t h i s  k i n d  o f  e v e n t s  are p r e d i c t e d  
r e a s o n a b l y  w e l l .  The eddy v i s c o s i t y  p r o f i l e  a l o n g  v e r t i c a l s  
i s  p a r a b o l i c  i n  c h a r a c t e r  i n  most  o f  t h e  c a s e s .  The v e l o c i t y  
f i e l d  d i d  n o t  show any  c i r c u l a t i o n  p a t t e r n  i n  t h e  h o r i z o n t a l  
p l a n  as  o b s e r v e d  i n  t h e  p h y s i c a l  model and  o n  some s a t e l l i t e  
p h o t o g r a p h s .  The m o t i o n  d e v e l o p s  r y p i c a l  back f low p r o f i l e  
i n  t h e  v e r t i c a l  direction c o i n c i d i n g  w i t h  t h a t  o f  t h e  wind.  
I n  a d d i t i o n ,  t h e  v e r t i c a l  d i s t r i b u t i o n s  are  q u i t e  t h e  same 
t h r o u g h o u t  d i f f e r e n t  segments  o f  t h e  l a k e .  A l l  t h e s e  f e a t u r e s  
are most  p r o b a b l y  d u e  t o  t h e  l i m i t e d  number o f  g r i d  p o i n t s  
s i n c e  d e t a i i s  i n  l a k e  geometry  may s i g n i f i c a n t  i n f l u e n c e  t h e  
model r e s u l t s  o n l y  i f  t h e  number o f  c o m p u t a t i o n a l  p o i n t s  i s  
i n c r e a s e d .  Another  e x p l a n a t i o n  i s  t h e  f a i l u r e  t o  i n c l u d e  
t h e  e f f e c t s  o f  m o u n t a i n s  a round  t h e  l a k e ,  which l o c a l l y  
d e f l e c t  t h e  wind.  
The model e x e c u t i o n  t i m e  c a n  b e  d e c r e a s e d  s u b s t a n t i a l l y  
when s i m p l i f y i n g  t h e  model e q u a t i o n s .  A s  d e m o n s t r a t e d  by ~ar-eman 
and Shanahan ( 1 9 8 0 ) ,  t h e  Rossby number i s  s m a l l  i n  Lake B a l a t o n  
(0.02-0.2) ,  which a l l o w s  t h e  n e g l e c t  o f  c o n v e c t i v e  t e r m s .  Compu- 
t a t i o n a l l y ,  t h i s  b r i n g s  c o n s i d e r a b l e  s a v i n g s ,  b e c a u s e  d e p t h  
i n t e g r a t e d  v e l o c i t y  f i e l d s  and t h e  v e r t i c a l  d i s t r i b u t i o n  o f  
h o r i z o n t a l  v e l o c i t i e s  c a n  b e  e v a l u a t e d  i r i  two s e p a r a t e  s t e p s .  
A s  i n  Kvon ' s  model ,  t h e  h o r i z o n t a l  eddy v i s c o s i t y  may be 
n e g l e c t e d ,  t o o ,  b e c a u s e  t h e  h o r i z o n t a l  Ekman number i s  v e r y  
s m a l l .  The s h a l l o w n e s s  o f  t h e  l a k e  a l s o  p e r m i t s  t h e  e l i m i n a t i o n  
of t h e  v e r t i c a l  v e l o c i t i e s  when d e t e r m i n i n g  t h e  h o r i z o n t a l  f l o w  
f i e l d .  
With t h e s e  a p p r o x i m a t i o n s ,  one  may d e r i v e  t h e  s i m p l e s t ,  b u t  
s t i l i  r e a l i s t i c ,  t h r e e - d i m e n s i o n a l  model c a l l e d  t h e  Ekman-type 
model .  A s o p h i s t i c a t e d  computer  program o f  a n  Ekman-type model 
was d e v e l o p e d  by  Young and L i g g e t t ( l 9 7 7 j  and made a v a i l a b l e  
t o  IIASA. I t  was a d a p t e d  by  I .  F i s h e r  (1980)  f o r  Lake B a l a t o n .  
The model assumes  c o n s t a n t  eddy v i s c o s i t y  t h r o u g h ~ u t  t h e  l a k e  
d e p t h .  The s o l u t i o n  i s  based  o n  t h e  f i n i t e  e l e m e n t  method which 
p o s s e s s e s  t h e  a t t r a c t i v e  a b i l i t y  t o  a p p r o x i m a t e  a c c u r a t e l y  t h e  
i r r e g u l a r  boundary  o f  t h e  l a k e  s h o r e l i n e .  The c o m p u t a t i o n s  a r e  
per formed i n  t h e  L a p l a c e  domain,  and v e l o c i t y  p r o f i l e s  i n  r e a l -  
t i m e  must  be  c a l c u l a t e d  by n u m e r i c a l  L a p l a c e  i n v e r s i o n .  A f t e r  
e l i m i n a t i n g  some n u m e r i c a l  d i f f i c u l t i e s  t h e  model was used  a s  
b e f o r e  f o r  a  s t e p f u n c t i o n  wind o n l y .  On t h e  b a s i s  o f  c a l c u i a t i o n s  
per formed ( w i t h  t h e  200-250 e l e m e n t s  l i m i t e d  by t h e  FDP 1 1  
computer )  t h e  same c o n c l u s i o n  ' c an  b e  drawn a s  men t ioned  p r e v i o u s l y  
i n  c o n n e c t i o n  w i t h  Kvon ' s  approach :  a g a i n ,  a n  e s s e n t i a l  i n c r e a s e  
i n  t h e  number o f  s p a c e  e l e m e n t s  i s  needed ,  e s p e c i a l l y  i n  t h e  n e a r -  
s h o r e  r e g i o n  ( F i s h e r  1980)  . 
I n  c o n c l u s i o n ,  t h e  f o l l o w i n g  may be s t a t e d  a b o u t  t h e  u s e  o f  
t h r e e - d i m e n s i o n a l  hydrodynamica l  models  f o r  Lake B a i a t o n .  The 
models  must  b e  c a l i b r a t e d  a g a i n s t  measurement  d a t a  by  c h a n g i n g  
such  unknown p a r a m e t e r s  a s  t h e  wind d r a g  c o e f f i c i e n t ,  s u r f a c e  
and bot tom r o u g h n e s s ,  f r i c t i o n  c o e f f i c i e n t  and  t h e  eddy v i s c o -  
s i t y  and i t s  d i s t r i b u t i o n  a l o n g  d e p t h  and  t i m e .  Because  o f  t h e  
b a s i c a l l y  t r a n s i e n t  wind c o n d i t i o n s  (see 1 . 3 )  t h i s  p r o c e d u r e  
would need a n  u n s t e a d y  a p p r o a c h .  A w e l l  f o r m u l a t e d  Ekman model 
c o u l d  b e  a p p l i e d  s u c c e s s f u i l y  f o r  t h i s  k i n d  o f  s i t u a t i o n ,  and 
i n  f a c t ,  c o o p e r a t i o n  was i n i t i a t e d  w i t h  t h e  Ralph  M .  P a r s o n s  
L a b o r a t o r y  f o r  Water R e s o u r c e s  and Hydrodynamics,  M a s s a c h u s e t t s  
I n s t i t u t e  o f  Technology (USA) i n  t h i s  r e s p e c t .  I n  c o n n e c t i o n  
with  t h e  c a l i b r a t i o n ,  t h e  ext reme impor tance  o f  f u r t h e r  l a k e  
c u r r e n t  measurements  must  be  emphasized a s  a n  a d d i t i o n  t o  t h e  
e x i s t i n g  d a t a .  
The b a s i c  quest ion--which a r e  t h e  dominant  w a t e r  motion 
mechanisms ( h o r i z o n t a l  c i r c u l a t i o n ,  v e r t i c a l  backflow o r  l o n g i -  
t u d i n a l  s e i c h e )  from t h e  p o i n t  o f  view o f  mass t r a n s p o r t - - c a n  
be  answered o n l y  a f t e r  c a l i b r a t i n g  t h e  model. A t  t h e  same t i m e  
more c a n  be  s a i d  a b o u t  t h e  p o s s i b i l i t i e s  f o r  s i m p l i f y i n g  t h e  
d e s c r i p t i o n  o f  wa te r  mot ion  t o  a s s u r e  a n e c e s s a r y  and s u f f i c i e n t  
c o u p i i n g  t o  b iochemica l  p r o c e s s e s .  
3 .2.  Sediment-Water I n t e r a c t i o n  Models 
A s  i l l u s t r a ~ e d  i n  S e c t i o n  1 ,  e r o s i o n  o f  bot tom d e p o s i t s  
by wind induced e f f e c t s  i s  a mechanism of  prime impor tance  
d e t e r m i n i n g  t h e  suspended s o l i d  and p a r t i c u l a t e  phosphorus 
c o n c e n t r a t i o n ,  a s  w e l l  a s  l i g h t  t r a n s p a r e n c y  p r o p e r t i e s .  R e -  
c e n t  measurements i n  t h e  Szemes Bay o f  t o t a l  suspended s o l i d s ,  
t o t a l  phosphorus ,  o r tho-phosphorus ,  and s e c c h i  d i s k  d e p t h  
on a d a i l y  b a s i s ,  t o g e t h e r  w i t h  h o u r l y  wind d a t a  p r o v i d e  a 
c o n s i d e r a b l e  u n d e r s t a n d i n g  of  t h e  p r o c e s s e s  of  e r o s i o n  and 
d e p o s i t i o n  (Somly6dy 1 9 8 0 ) .  I n  a f i r s t  a n a l y s i s  of  t h e  d a t a  
s t a r t i n g  w i t h  a n  u n s t e a d y  t r a n s p o r t  e q u a t i o n  f o r  suspended 
s o l i d s  and some energy  t r a n s f o r m a t i o n  p r i n c i p l e s ,  Somly6dy 
(1980)  d e r i v e d  a r e l a t i v e l y  s i m p l e  model t o  d e s c r i b e  t h e  
dynamic v a r i a t i o n  o f  depth-averaged SS c o n c e n t r a t i o n  i n  t ime .  
The model used  is: 
where c i s  t h e  depth-averaged suspended s o l i d s  c o n c e n t r a t i o n ,  
and W t h e  wind v e l o c i t y  a t  10 m above t h e  3ake s u r f a c e .  Thus, 
t h e  s e d i m e n t a t i o n  i s  supposed t o  b e  p r o p o r t i o n a l  t o  t h e  concen- 
t r a t i o n  whereas r e s u s p e n s i o n  depends  s o l e l y  upon t h e  wind. I n  
t h e  r a n g e  o f  wind s p e e d s  0-45 km/h, co r respond ing  t o  a suspended 
s o l i d s  r a n g e  from 8-53 mg/l ,  t h e  c o e f f i c i e n t s  were found t o  be  
- 1 -4 
m i- 1, k, = 7.5 * lo-' s and k 2  = 0.91 * la-' kg m . Here, 
k,  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d e p t h  H I  w h i l e  k2  i s  propor -  
t i o n a l  t o  H - ~ .  I t  should  be  no ted  t h a t  a t  t h e  g i v e n  d e p t h ,  H = 
4.3  m ,  t h e  v a l u e  o f  k l  c o r r e s p o n d s  t o  a  s e d i m e n t a t i o n  v e l o c i t y  
of  5-6 m/day, a  r e a l i s t i c  v a l u e .  
Given t h e  suspended s o l i d s  c o n c e n t r a t i o n ,  t h e  s e c c h i  d i s k  
d e p t h  c a n  b e  computed. Reworking t h e  d a t a  r e v e a l s  t h a t  i n  t h e  
r a n g e  i n d i c a t e d  t h e  f o l l o w i n g  c o r r e l a t i o n  h o l d s  a p p r o x i m a t e l y :  
where Z S  i s  t h e  s e c c h i  d i s k  d e p t h  (van  S t r a t e n  1 9 8 0 ) .  A l s o  
a  f a i r l y  s t r o n g  c o r r e l a t i o n  between t o t a l  phosphorus  and s u s -  
pended s o l i d s  c o n c e n t r a t i o n  was found (Somly6dy 1980) . 
U n f o r t u n a t e l y ,  t h e  r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s  
p a r a g r a p h  do  n o t  a l l o w  f o r  c l e a r  c o n c l u s i o n s  a b o u t  t h e  r e l e a s e  
o f  d i s s o l v e d  p n o s p h a t e  t o  t h e  l a k e .  The t o p  l a y e r  o f  t h e  
s e d i m e n t  i s  p r o b a b l y  v e r y  l o o s e ,  w l t h  interstitial d i s s o l v e d  
p h o s p h a t e  c o n c e n t r a t i o n s  comparab le  t o  t h o s e  i n  t h e  l a k e .  
R e l e a s e  due  t o  r e s u s p e n s i o n  i s  t h e n  m o s t l y  d e p e n d e n t  upon d i f f u -  
s i o n  from d e e p e r  l a y e r s .  To d a t e  no s u i t a b l e  e x p e r i m e n t a l  
r e s u l t s  e x i s t  which would p e r m i t  t h e  d e s i g n  o f  a  comprehens ive  
dynamic phosphorus  release model .  Data c h a r a c t e r i z i n g  t h e  
c h e m i c a l  c o m p o s i t i o n  o f  t h e  s e d i e m n t  l a y e r s ,  b o t h  o f  t h e  s o l i d  
p a r t  a s  w e l l  a s  t h e  i n i z e r s t i t i a l  w a t e r  d o  e x i s t  (Dobo ly i  198G),  
b u t  dynamic d i f f u s i o n  d a t a ,  i n c l u d i n g  t h e  v e r y  i m p o r t a n t  oxygen 
dynamics ,  a r e  l a c k i n g .  On t h e  a v e r a g e ,  D o b o l y i ' s  d a t a  show a n  
i n t e r s t i t i a l  o r t h o - p h o s p h a t e  c o n c e n t r a t i o n  o f  r o u g h l y  80 mg/m3 
i n  t h e  t o p  5 c m ,  i n c r e a s i n g  t o  a b o u t  i 40 mg/m3 between 20-25 c m .  
The t o t a l  d i s s o l v e d  phosphorus  c o n t e n t  was v i r t u a l l y  c o n s t a n t  
a t  r o u g h l y  200 mg/m3. These  d a t a  were g a t h e r e d  d u r i n g  J u l y  and 
September ,  1978,  and n o t h i n g  i s  known a b o u t  t h e  t i m e  v a r i a b i l i t y .  
3 .3.  Lake E u t r o p h i c a t i o n  Models 
A t  p r e s e n t  t h r e e  b a s i c  models  e x i s t  f o r  t h e  i n v e s t i g a t i o n  
of t h e  p h y t o p l a n k t o n  dynamics i n  t h e  l a k e ;  BEM, BALSECT, and 
SIMBAL. The BEM model is  t h e  e a r l i e s t  modei and was d e v e l o p e d  
by t h e  Hungar i an  B a l a t o n  E c o l o g i c a l  Modelers  Group. V a r i o u s  
v e r s i o n s  o f  t h i s  model h a v e  been  u s e d ,  b u t  o n l y  t h e  p u b l i s h e d  
v e r s i o n  w i l l  b e  men t ioned  h e r e  (see f o r  backgcound:  Herodek 
and C s a k i  1980; f o r  e q u a t i o n s :  C s a k i  and K u t a s  1980; and  f o r  
r e s u l t s  K u t a s  and Herodek 1 9 8 0 ) .  Emphasis  i n  t h i s  model l i e s  
o n  t h e  d e s c r i p t i o n  o f  p h y t o p l a n k t o n  b iomass  and  d a i l y  p r i m a r y  
p r o d u c t i o n .  The model BALSECT ( B a l a t o n  S e c t o r  Model) w a s  
deve loped  a t  I IASk from a n  ear l ier  more g e n e r a i  phosphorus  and 
n i t r o g e n  c y c l i n g  model .  I t  c o n c e n t r a t e s  o n  t h e  a n a l y s i s  o f  
t h e  mode l s  o f  p h o s p h o r u s  compound t r a n s f o r m a t i o n  i n  t h e  l a k e  
(Leonov 1980 j . The t h i r d  model ,  SIMBAL ( S i m p l e  B a l a t o n  Model) , 
a c t u a l l y  c o n s i s t s  o f  a s e t  o f  models  d e s i g n e d  e s p e c i a l l y  t o  
i n v e s t i g a t e  v a r i o u s  h y p o t h e s e s  a b o u t  t h e  modes o f  phosphorus  
i n t e r a c t i o n  be tween  w a t e r  and s e d i m e n t ,  w h i l e  e x p l i c i t l y  t a k i n g  
t h e  u n c e r t a i n t y  i n  t h e  d a t a  i n t o  a c c o u n t  ( v a n  S t r a t e n  1 9 8 0 ) .  
I n  t h e  s e q u e l  t h e  models  a r e  compared i n  v a r i o u s  a s p e c t s  
s u c h  as:, a p p r o x i m a t i o n  t o  t h e  s p a t i a l  mass t r a n s p o r t ,  t y p e  
and number o f  s t a t e  v a r i a b l e s ,  number o f  f o r c i n g  f u n c t i o n s  
and p a r a m e t e r s ,  and  m a t h e m a t i c a l  f o r m u l a t i o n  o f  m a j o r  p r o c e s s e s .  
F i n a l l y  some r e s u l t s  w i l l  be d i s c u s s e d .  
T r a n s p o r t .  Al though  t h e  b io -chemica l  and  c h e m i c a l  t r a n s -  
f o r m a t i o n  p r x e s s e s  a r e  t h e  ma jo r  theme o f  a l l  t h r e e  models ,  
t h e  s p a t i a l  mass  t r a n s p o r t  m ~ s t  b e  i n c l u d e d  i n  harmony w i t h  
i t s  r o l e  i n  e c o l o g y .  F u r t h e r m o r e ,  a compar i son  w i t h  f i e l d  
d a t a  would b e  i m p o s s i b l e  w i t h o u t  somehow t a k i n g  t h e  e f f e c t s  o f  
w a t e r  mot ion  i n t o  a c c o u n t .  S i n c e  a comprehens ive  a n a l y s i s  a s  
ment ioned  i n  s e c t i o n  3 . 1 .  was n o t  y e t  a v a i l a b l e ,  d i f f e r e n t  a d  
hoc s o l u t i o n s  w e r e  implemented i n  t h e  t h r e e  models .  These  
s o l u t i o n s  are summarized i n  F i g u r e  9 .  
The t r a n s p o r t  r e p r e s e n t a t i o n  i n  a l l  t h r e e  mode l s  i s  b a s e d  
o n  t h e  f o u r - b a s i n  s e g m e n t a t i o n  o f  t h e  l a k e  as d e s c r i b e d  p r e -  
v i o u s l y .  However, t h e  BEM-model o n l y  o p e r a t e s  f o r  o n e  b a s i n  
a t  a t i m e ,  w i t h o u t  i n t e r c o n n e c t i o n .  The i n f l o w  and o u t f l o w  are 
t i m e  i n v a r i a n t .  I n  t h e  BALSECT model o n l y  n e t  h y d r o l o g i c a l  
t r a n s p o r t  i s  a l l o w e d  f o r ,  where t h e  t r a n s p o r t  terms are d e r i v e d  
from t h e  month ly  w a t e r  b a l a n c e  d a t a .  T h i s  i s  done  i n  SIMBAL 
BALSECT 
S  IMBAL 
Vr = e x c i ~ a n g e  v e l o c i t y  ( m / s )  
Ai = i n t e r s e g m e n t  c r o s s  s e c t i o n  a r e a  
F i g u r e  9 .  Compar i son  o f  s p a t i a l  t r a n s p o r t  p r o c e s s  d e s c r i p t i o n s .  
t o o ,  b u t  i n  a d d i t i o n  a l l o w a n c e  i s  made f o r  t h e  i n c l u s i o n  o f  
wind-induced exchange  f l o w s ,  t hough  p r e s e n t l y  a s  a  non-dynamic 
term o n l y .  T h i s  c o n s t r u c t i o n  i s  n o t  f u l l y  e q u i v a l e n t  t o  t h e  
i n t e g r a t e d  hydrodynamic t r a n s p o r t  models  d i s c u s s e d  i n  s e c t i o n  
3.2., b u t  it i s  c o n s i d e r e d  a t  p r e s e n t  t o  b e  s u f f i c i e n t  g i v e n  
t h e  u n c e r t a i n t y  i n  b o t h  e c o l o g i c a l  and  hydrodynamica l  d a t a .  
The d i f f e r e n t  p r e s e n t a t i o n s  o f  t h e  t r a n s p o r t  p r o c e s s  w i l l ,  
o f  c o u r s e ,  e f f e c t  t h e  outcome o f  t h e  model s i m u l a t i o n s .  Obvi- 
o u s l y ,  t h e  mode l s  have  t o  b e  u n i f i e d  i n  t h i s  r e s p e c t  b e f o r e  
c o m p a r i s o n s  o f  t h e  p e r f o r m a n c e  o f  t h e  b i o l o g i c a l  a n d  c h e m i c a l  
s egmen t s  among t h e  models  c a n  b e  made. 
Stpucture. A s c h e m a t i c  o v e r v i e w  o f  t h e  s t r u c t u r e  o f  t h e  
mode l s  is  p r e s e n t e d  i n  F i g u r e  1 0 .  A l l  t h r e e  models  show t h e  
c y c l i c  s t r u c t u r e  t y p i c a l  f o r  p h y t o p i a n k t o n  dynamics .  A lgae  
grow u n d e r  u p t a k e  o f  n u t r i e n t s .  M o r t a l i t y  p r o c e s s e s  p r o d u c e  
dead  o r g a n i c  matter ( d e t r i t u s )  which  i s  s u b s e q u e n t l y  m i n e r a l i z e d  
t o  n u t r i e n t s ,  t h u s  c l o s i n g  t h e  c y c l e .  G e n e r a l l y ,  t h e r e  i s  a 
f r a c t i o n a l  l o s s  o f  n u t r i e n t s  t o  t h e  s e d i m e n t  d u r i n g  e a c h  c y c l e .  
The d i f f e r e n c e s  i n  t h e  b i o c h e m i c a l  s t r u c t u r e  o f  t h e  mode l s  l i e  
m a i n l y  i n  t h e  number o f  s t a t e  v a r i a b l e s  c o n s i d e r e d ,  and  t h e  
m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  major p r o c e s s e s .  
I n  t h e  BEM-model b o t h  n i t r a t e  and p h o s p h a t e  a r e  c o n s i d e r e d  
as l i m i t i n g  n u t r i e n t s .  However, n i t r a t e  i s  l i m i t i n g  o c c a s i o n a l l y  
i n  t h e  K e s z t h e l y  Bay o n l y .  The model  s p e c i f i e s  summer and  
w i n t e r  a l g a e  as s e p a r a t e  s t a t e  v a r i a b l e s .  The e q u a t i o n s  are 
i d e n t i c a l  b u t  maximum g r o w t h  r a t e ,  m o r t a l i t y  and  t e m p e r a t u r e  
d e p e n d e n c i e s  are d i f f e r e n t .  Accoun t ing  f o r  t h e s e  s e a s o n a l  
d i f f e r e n c e s  i n  a l g a l  c o m p o s i t i o n  i s  a lso  p o s s i b l e  i n  BALSECT, 
where  s e a s o n a l l y  d i f f e r e n t  p a r a m e t e r s  and  t e m p e r a t u r e  depen-  
d e n c i e s  c a n  o p t i o n a l l y  b e  s p e c i f i e d .  I n  SIMBAL, a  two-peak 
t e m p e r a t u r e  f u n c t i o n  d e r i v e d  f rom p r i m a r y  p r o d u c t i o n  d a t a  a n a l -  
y s i s  was used  o r i g i n a l i y  t o  a c c o u n t  f o r  p o p u l a t i o n  d i f f e r e n c e s ,  
b u t  l a t e r  t w o  a l g a l  s p e c i e s  g r o u p s  w e r e  d i s t i n g u i s h e d .  
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The major  d i f f e n c e s  o f  t h e  models l i e  i n  t h e  a l g a l  uecay 
and r e m i n e r a l i z a t i o n  p r o c e s s e s  f o r m u l a t i o n .  The most  comple te  
model i n  t h i s  r e s p e c t  i s  BALSECT, where a  d i s t i n c t i o n  i s  made 
between m o r t a l i t y  ( b o t h  of  phy top lank ton  and b a c t e r i a  j which 
l e a d s  t o  p a r t i c u l a t e  dead o r g a n i c  m a t e r i a l  ( d e t r i t u s )  , and 
e x c r e t i o n .  E x c r e t i o n  by phy top lank ton  i s  assumeu t o  p roauce  
d i s s o l v e d  o r g a n i c  phosphorus ,  whereas e x c r e t i o n  by b a c t e r i a  
r e g e n e r a t e s  t h e  d i s s o l v e d  i n o r g a n i c  phosphate .  B a c t e r i a  a r e  
a l s o  e x p l i c i t l y  s p e c i f i e d  i n  t h e  BEM model a s  t h e  major  a g e n t  
of  decompos i t ion  of d e t r i t u s  m a t e r i a l .  I n  t h e  BEM model no 
d i s t i n c t i o n  i s  maae between p a r t i c u l a t e  and d i s s o l v e d  d e t r i t u s  
forms.  Also ,  no s e d i m e n t a t i o n  o f  d e t r i t u s  i s  i n c l u d e d .  I n  
SIMBAL, a g a i n  no d i s t i n c t i o n  i s  made between t h e  v a r i o u s  d e t r i -  
t u s  forms.  F 'ur thermore,  t h e  b a c t e r i a l  p r o c e s s e s  a r e  dropped 
on t h e  grounds  t h a t  no measurements  f o r  t h i s  s t a t e  v a r i a b l e  a r e  
a v a i l a b l e .  I n s t e a d ,  a t ime-vary ing  decompos i t ion  ( o r  r e m i n e r a l i -  
z a t i o n )  r a t e  i s  o b t a i n e d  by i n t r o d u c i n g  a  s t r o n g  t e m p e r a t u r e  
dependency,  which 1s hope t o  r e f l e c t  r e a s o n a b l y  w e l l  t h e  e f f e c t s  
of a  dynamic b a c t e r i a l  p o p u l a t i o n .  
The b a s i c  e q u a t i o n s  f o r  t h e  t h r e e  models a r e  p r e s e n t e d  i n  
T a b l e  4 .  For c l a r i t y ,  n o n - e s s e n t i a i  s t a t e  v a r i a b l e s  have n o t  
been i n c l u d e d :  n i t r a t e  i s  o m i t t e d  from BEM and oxygen from 
BALSECT . 
A 1 1  t h r e e  models  a r e  c o n s t a n t  s t o i c h i o r n e t r y  models ,  i . e .  
t h e  phosphorus (and n i t r o g e n )  c o n t e n t  of  t h e  a l g a l  c e l l s  i s  
c o n s t a n t .  I n  t h e  BEM model t h i s  r a t i o  must  b e  s t a t e d  e x p l i c i t l y  
( x  i n  T a b l e  3 ) .  T h i s  i s  n o t  n e c e s s a r y  i n  BALSECT and SIMBAL 
because  t h e y  a r e  phosphorus  c y c l e  models.  However, n u t r i e n t  
u p t a k e  and a l g a i  growth a r e  supposed t o  o c c u r  s i m u l t a n e o u s l y ,  
hence  c o n s t a n t  s t o i c h i o m e t r y  i s  i m p l i c i t l y  a s s u r e d .  I t  shou ld  
a l s o  b e  n o t e d  t h a t  f o r  comparison w i t h  biomass o r  c h l o r o p h y l l  
d a t a  t h e  r a t i o  phosphorus/biomass o r  phosphorus/chlorophy11 
must  be known. 

T a t l e  4 .  Combined N u t r i e n t  and  L i g h t  L i i n i t a t i o n  f o r  t h e  
T h r e e  Yode l s :  N ,  P ,  FP i s  n i t r o g e n ,  p h o s p h o r u s  
a n d  a l g a e - p h o s p h o r u s  c o n c e n t r a t i o n  r e s p e c t i v e l y  
k  - t e m p e r a t u r e  dependent  maximum growth r a t e  kga '  gb 
f o r  a l g a e  and b a c t e r i a  r e s p e c t i v e l y  ; 
'at 'b - l i g h t  and n u t r i e n t  l i m i t i n g  f a c t o r s  f o r  
a l g a e  and b a c t e r i a  r e s p e c t i v e l y  ; 
k  - t e m p e r a t u r e  dependent  m o r t a l i t y  r a t e  f o r  kma m 
a l g a e  and b a c t e r i a  r e s p e c t i v e l y  ; 
keb  - t e m p e r a t u r e  dependen t  e x c r e t i o n  r a t e  ; 
x - phosphorus-biomass ~ a t i o  ; 
NFl MB - t e m p e r a t u r e  and u p t a k e  dependen t  m o r t a l i t y  
f o r  a l g a e  and b a c t e r i a  r e s p e c t i v e l y  (see t e x t ;  ; 
L ~ ,  Mg - t e m p e r a t u r e  and u p t a k e  d e p e n d e n t  e x c r e t i o n  
f o r  a l g a 2  and b a c t e r i a  r e s p e c t i v e l y  (see t e x t ) ;  
kd - d e t r i t u s  d e c a y  o r  m i n e r a l i z a t i o n  r a t e ;  
k - Siogeneous  l i m e  c o p r e c i p i t a t i o n  r a t e ;  
S 
'i - n e t  s e d i m e n t a t i o n  r a t e ;  
'relPs - e f f e c t i v e  lumped s e d i m e n t  phosphorus  r e l e a s e ;  
k s o r  - a d s o r p t i o n / d e s o r p t i o n  r a t e  (SIMBAL I1 o n l y ) ;  
DP - e q u i l i b r i u m  concentration d i s s o l v e d  i n o r g a n i c  P  
e g  
(SIX3AL I1 o n l y ) .  
Light L i m i z a c i o n .  A l l  t h r e e  models  u s e  t h e  S t e e l e  equa-  
t i o n  f o r  t h e  dependence  o f  a l g a l  growth on l i g h t ,  which a l l o w s  
f o r  i n h i b i t i o ~  a t  h i g h  l i g h t  i n t e n s i t i e s  a s  obse rved  i n  t h e  
l a k e .  The d e p t h  averaged  e q u a t i o n  i s :  
w h e r e  
ke = e x t i n c t i o n  c o e f f i c i e n t  
H = d e p t h  
R I  = I/Is 
I = l i g h t  i n t e n s i t y  a t  t h e  s u r f a c e  
Is = o p t i m a l  ( s a t u r a t i o n )  l i g h t  i n t e n s i t y  
RX = R I  exp  ( -kp  H) . 
I n  BALSECT t h i s  f a c t o r  i s  e v a l u a t e d  a t  e v e r y  t i m e  s t e p  
u s i n g  a  s ine-wave a p p r o x i m a t i o n  f o r  t h e  d a i l y  l i g h t  v a r i a t i o n .  
Although t h i s  p r o c e d u r e  is  t h e  most  c o r r e c t  o n e ,  computa t ion  
t i n e  can be saved  by i n t e g r a t i n g  t h i s  e x p r e s s i o n  o v e r  2 4  h o u r s  
and u s i n g  t h e  r e s u l t  a s  a  v a l u e  c o n s t a n t  o v e r  t h e  day.  T h i s  
p r o c e d u r e  i s  used  i n  SIMBAL, b a s e d  on a t r i a n g u l a r  a p p r o x i m a t i o n '  
o f  t h e  l i g h t  v a r i a t i o n  o v e r  t h e  day .  The BEM-model employs t h e  
l i g h t  f u n c t i o n  w i t h o u t  i n t e g r a t i o n ,  s o  t h a t  t h e  d a i l y  a v e r a g e d  
l i g h t  i n t e n s i t y  must b e  used  i n  FI, a  somewhat less a c c u r a t e  
p r o c e d u r e .  
N u t r i e n t  L i m i t a t i o n .  The models  d i f f e r  c o n s i d e r a b l y  i n  
t h e  d e s c r i p t i o n  o f  n u t r i e n t  l i m i t a t i o n ,  a s  shown i n  T a b l e  4. 
SIMBAL u s e s  t h e  c l a s s i c a l  Michael is-Menten approach .  T h i s  is  
a l s o  done i n  BEM, b u t  i n s t e a d  o f  m u l t i p l y i n g  t h e  n u t r i e n t  and 
l i g h t  l i m i t i n g  terms t h e  minimum i s  c a l c u l a t e d  (and used  i n  t h e  
model a s  a n  o p t i o n ) ,  and  a  g e o m e t r i c  mean o f  p r o d u c t  a n d  minimum 
i s  used  as t h e  combined e f f e c t  f a c t o r .  BALSECT d i f f e r s  e s s e n -  
t i a l l y  from t h e  o t h e r  two models .  The Michael is-Menten e x p r e s -  
s i o n  w i t h  c o n s t a n t  h a l f - s a t u r a t i o n  c o n s t a n t  i s  c o n s i d e r e d  n o t  
f u l l y  s a t i s f a c t o r y  i n  d e s c r i b i n g  n u t r i e n t  l i m i t a t i o n .  By ana logy  
w i t h  b a c t e r i a  p r o c e s s e s ,  Leonov ( 1 9 8 0 )  h a s  r e p l a c e d  t h e  h a l f -  
s a t u r a t i o n  c o n s t a n t  by t h e  p h y t o p l a n k t o n  phosphorus  c o n c e n t r a -  
t i o n .  I n  t h i s  way a  lower  t h r e s h o l d  l i m i t i n g  c o n c e n t r a t i o n  
i s  r e a c h e d  a t  l o w e r  b iomass  t h a n  a t  h i g h e r  biomass.  The f a c t o r  
3 is  a  p a r a m e t e r  o f  t h e  o r d e r  1 .  
M o r t a l i t y  and e x c r e t i o n .  Here BEM and SIMBAL assume 
s i m p l e  t e m p e r a t u r e  dependen t  f i r s t  o r d e r  p r o c e s s e s .  Again 
BALSECT d i f f e r s  c o n s i d e r a b l y .  E x c r e t i o n  o f  d i s s o l v e d  o r g a n i c  
phosphorus  i s  assumed t o  be  p r o p o r t i o n a l  w i t h  phosphorus  u p t a k e  
by growth 
where t h e  p r o p o r t i o n a l i t y  f a c t o r  i s  a g a i n  a  c o m p l i c a t e d  two- 
p a r a m e t e r  f u n c t i o n  o f  t h e  u p t a ~ e  r a t e  ( s e e  Leonov 1930) . 
The m o r t a l i t y  r a t e  i s  t h o u g h t  t o  b e  p r o p o r t i o n a l  t o  t h e  
b iomass -up take  r a t e  r a t i o :  
Thus ,  a  low u p t a k e  a c t i v i t y  a t  h i g h  b iomass  c a u s e s  a  h i g h  
m o r t a l i t y ,  and  i n  t h i s  s e n s e  t h e  u p t a k e  r a t e  b iomass  r a t i o  i s  
a  measu re  o f  v i a b i l i t y .  Note  t h a t  e x p r e s s i o n  ( 5 )  l e a d s  t o  a  
s e c o n d  o r d e r  e q u a t i o n  f o r  m o r t a l i t y  (which  i s  c o n s i s t e n t  w i t h  
t h e  l o g i s t i c  g rowth  e q u a t i o n  f r e q u e n t l y  u s e d  t o  d e s c r i b e  a  
b a t c h  l a b o r a t o r y  e x p e r i m e n t )  . 
B a s 5 ~ r : a L  Uptake. Here BEM and  BALSECT u s e  t h e  same 
e x p r e s s i o n  f o r  t h e  n u t r i e n t  l i m i t a t i o n .  I n s t e a d  o f  M i c h a e l i s -  
Nenten k i n e t i c s  t h e  same c o n s t r u c t  i s  u s e d  as d e s c r i b e d  f o r  
t h e  p h y t o p l a n k t o n  g rowth :  
BEM 
- BALSECT f b  - DOP I 
BP + DOP 
i . e .  t h e  b a c t e r i a l  b i o m a s s  o r  b a c t e r i a l  p h o s p h o r u s  c o n c e n t r a t i o n  
r e p l a c e  t h e  h a l f - s a t u r a t i o n  c o n s t a n t  u s e d  i n  t h e  M i c h a e l i s -  
Menten e q u a t i o n .  M o r t a l i t y  and  e x c r e t i o n  a r e  t r e a t e d  i n  t h e  
s a n e  f a s h i o n  a s  d e s c r i b e d  f o r  p h y t o p l a n k t o n .  
B i o g e n i c  L i r e  t o - p r e c i ? C ? a t i o n .  ~ 0 t h  BEM a n d  SIMBAL a l l o w  
f c r  t h e  p o s s i b i l i t y  o f  p h o s p h o r u s  r emova l  due  t o  c o - p r e c i p i t a t i o n  
w i t h  b i o g e n e o u s l y  g e n e r a t e d  c a l c i u m - c a r b o n a t e  d u r i n g  p e r i o d s  o f  
s t r o n g  p r imary  p r o d u c t i o n .  However, r e c e n t  measurements  
(Dobolyi  and Herodek,  1980) s u g g e s t  t h a t  t h e  mechanism i s  n o t  
-zery s i g n i f i c a n t  d e s p i t e  t h e  f a v o r a b l e  pH ( 8 . 1 - 8 . 3 )  . 
Rzlzasz F r s m  t k e  S s d i n e ~ t .  Although v a r i o u s  models do 
c o n t a i n  a  dynamic s e d i m e n t  s e c t i o n  (BALSECT, SIMBAL, BEM l a t e r  
v e r s i o n s )  l a c k  o f  d a t a  d o e s  n o t  p e r m i t  t h e  u s e  o f  t h e s e  s e c t i o n s .  
Ra the r  a  c o n s t a n t  o r  t e m p e r a t u r e  dependen t  r e l e a s e  ra te  i s  
p c s t u l a t e d .  I n  a d d i t i o n ,  t h e  most  r e c e n t  v e r s i o n  o f  SImAL 
a l l o w s  f o r  a dynamic a d s o r t i o n / d e s o r p t i o n  p r o c e s s ,  such  t h a t  
d e s o r p t i o n  ( i . e .  release) o c c u r s  when d i s s o l v e d  phosphorus  
c o n c e n t r a t i o n s  are low ( d u r i n g  a l g a l  b l o o m ) ,  and a d s o p t i o n  
when o r t h o s p h o s p h a t e  i s  h i g h  ( i n  w i n t e r ) .  T h i s  h y p o t h e s i s  
was i n t r o d u c e d  i n  r e s p o n s e  t o  r e s u l t s  o b t a i n e d  w i t h  t h e  f i r s t  
v e r s i o n  o f  SIMBAL (see b e l o w ) .  
T e m p e r a t u r e  F u n c t i o n s .  Near ly  a l l  r a t e  c o n s t a n t s  are 
f x n c t i o n s  o f  t e m p e r a t u r e .  T h i s  i s  i m p o r t a n t  i n  Lake B a l a t o n  
b e c a u s e  t h e  t e m p e r a t u r e  r a n g e s  from 0-260C. G e n e r a l l y ,  decay ,  
m o r t a l i t y  and e x c r e t i o n  t e m p e r a t u r e  f u n c t i o n s  are f o r m u l a t e d  
e i t h e r  as l i n e a r  o r  a s  some form o f  e x p o n e n t i a l  e x p r e s s i o n .  
Tempera ture  f u n c t i o n s  f o r  t h e  growth o f  t h e  b i o l o g i c a l  compo- 
n e n t s  are more complex: m o s t l y  b e l l - s h a p e d  c u r v e s  are used t o  
e n a b l e  t h e  s p e c i f i c a t i o n  o f  a n  optimum and a  l e t h a l  t e m p e r a t u r e .  
The g e n e r a l  e q u a t i o n  i s :  
FT = max[O, TCRIT - T T C R I T  - T TCRIT - TOPT - TCRIT - TOPT ) I ( 8  
where TCRIT i s  t h e  l e t h a l  t e m p e r a t u r e  and TOPT t h e  o p t i m a l  
t e inpera tu re .  For  f u r t h e r  d e t a i l s  t h e  r e a d e r  i s  r e f e r r e d  t o  
:he o r i g i n a l  p u b l i c a t i o n s .  
iVac5zr of P a : - a m e t e r s  a r d  F s r c i n s  F u n c t i z n s  , B e f o r e  any 
model c a n  be r u n ,  a  number o f  n u m e r i c a l  d a t a  must  be t r a n s f e r r e d  
t o  t h e  modei. T h i s  i n c i u d e s  f i r s t  o f  a l l  g e o m e t r i c a l  d a t a ,  such  
a s  volume, d e p t h ,  c r o s s - s e c t i o n a l  a r e a .  These  a r e  g i v e n  i n  
v a n  S t a t e n  e t  a l .  (1979) and are t h e  same f o r  a l l  models .  
F o r c i n g  f u n c t i o n s  must  a l s o  ~e s p e c i f i e d .  These  a r e  d a i l y  
r a d i a t i o n ,  p h o t o - p e r i o d ,  w a t e r  t e m p e r a t u r e ,  and phosphorus  
i n p u t s .  U n f o r t u n a t e l y ,  n o t  t h e  same l o a d i n g  a s s u m p t i o n s  have  
been  a d o p t e d  i n  t h e  t h r e e  models .  P a r t i c u l a r l y  i n  t h e  BEM 
and BALSECT models ,  a d d i t i o n a l  i n p u t s  had t o  be assumed i n  cer- 
t a i n  p e r i o d s  o f  t h e  y e a r  t o  improve t h e  f i t ,  w i t h o u t  any  
e x p e r i m e n t a l  j u s t i f i c a t i o n  b e i n g  a v a i l a b l e .  Some o f  t h e  pa ra -  
meters f o r  which a  submodel c o u l d  have  been  used  a r e  a l s o  i n t r o -  
duced a s  f o r c i n g  f u n c t i o n  t a b l e s  o r  c o n s t a n t s .  These  a r e  t h e  
basic e x t i n c t i o n  c o e f f i c i e n t  and ,  i n  SIMBAL, t h e  r e t u r n  f l o w .  
The number o f  p a r a m e t e r s  t h a t  must  b e  s p e c i f i e d  g r e a t l y  
d i f f e r  among t h e  models .  To e n a b l e  a  compar ison,  i n  t h i s  r e s p e c t ,  
T a b l e  5 summarizes t h e  p a r a m e t e r  needs ,  c l a s s i f i e d  i n  v a r i o u s  
g r o u p s .  N o n - e s s e n t i a l  s t a t e - v a r i a b l e s  have  been removed ( s u c h  a s  
n i t r a t e  and o x y g e n ) ,  b u t  t h e  two a l g a l  s p e c i e s  were r e t a i n e d  
i n  a l l  models  ( t h e  a d d i t i o n a l  c o s t  o f  i n c r e a s i n g  t h e  number o f  
a l g a e  s p e c i e s  i s  a l s o  i n d i c a t e d ) .  
A s  c a n  b e  s e e n  from t h e  t a b l e  by f a r  t h e  most demanding 
a r e  t h e  t e m p e r a t u r e  f u n c t i o n s .  However, it i s  l i k e l y  t h a t  t h e  
models a r e  n o t  v e r y  s e n s i t i v e  t o  t h e  m a j o r i t y  o f  t h e s e  p a r a -  
meters. Even if t h e  t e m p e r a t u r e  f u n c t i o n s  would b e  c o m p l e t e l y  
known t h e  number o f  p a r a m e t e r s  t o ' b e  e s t i m a t e d  i s  s t i l l  r e l a -  
t i v e l y  h igh :  15 f o r  BEM, 1 7  f o r  BALSECT, and 1 2  f o r  SIFIBAL. I t  
s h o u l d  a l s o  be n o t e d  t h a t ,  i n  p r i n c i p l e ,  t h e s e  p a r a m e t e r s  rtay 
be d i f f e r e n t  f o r  d i f f e r e n t  p a r t s  o f  t h e  l a k e .  
Table  5. Number of  s t a t e  v a r i a b l e s  v e r s u s  number o f  
p a r a m e t e r s  ( i n  b r a c k e t s :  inc rement  f o r  
each  a d d i t i o n a l  a l g a l  s p e c i e s ) .  
* i m p l i c i t ,  see t e x t .  
R e s u Z t s .  R e s u l t s  o b t a i n e d  from s i m u i a t l o n  s t u d i e s  w i t h  t h e  
models d e s c r i b e d  above have p r i m a r i l y  c o n t r i b u t e d  t o  a  b e t t e r  
u n d e r s t a n d i n g  of  t h e  complex phenomena i n  t h e  l a k e ,  and w e r e  
v e r y  i m p o r t a n t  i n  i n d i c a t i n g  improvements i n  b o t h  measurement 
and modeling t e c h n i q u e s .  The models prompted s p e c i a l  e x p e r i m e n t s  
t o  i n v e s t i g a t e  t h e  p r i n c i p l e  modes o f  phosphorus removal from 
t h e  l a k e  w a t e r .  A r e s u l t  common t o  a l l  s i m u l a t i o n s  i s  t h a t  a t  
t h e  g i v e n  l o a d i n g  r a t e  a p p r e c i a b l e  amounts of  phosphorus a r e  
t r a n s f e r r e d  t o  t h e  sed iment  and t h a t  t h e  d i r e c t  r e l e a s e  o f  phos- 
phorus  s t i l l  p l a y s  a  minor  r o l e  ( w i t h  t h e  e x c e p t i o n  of  tile 
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The BEM model h a s  been used o n l y  t o  s i m u l a t e  one b a s i n  a t  
a  t i n e ,  and was c o n c e n t r a t e d  on s i m u l a t i o n  o f  biomass and pr imary  
p r o d u c t i o n .  A s  shown i n  F i g u r e  11 f o r  t h e  Szemes Bas in  ( b a s i n  
111), t h e  pr imary  p r o d u c t i o n  i s  r e a s o n a b l y  w e l l  r e p r e s e n t e d ,  
e x c e p t  f o r  a  p e r i o d  i n  autumn. The s p r i n g  peak cou ld  o n l y  b e  
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s i m u l a t e d  i f  t h e  assumpt ion  was made t h a t  t h e  l a k e  r e c e i v e d  
a n  a d d i t i o n a l  l o a d i n g  of o r g a n i c  m a t e r i a l  a f t e r  t h e  snow m e l t .  
The f i t  was a l s o  q u i t e  good f o r  b iomass ,  b u t  s t i l l  r a t h e r  poor 
f o r  o r t h o p h o s p h a t e .  Here t h e  model p r e d i c t s  t o o  much phosphorus 
a t  t h e  t i m e  when t h e  a l g a l  a c t i v i t y  d e c l i n e d ,  a tendency t h a t  c a n  
be  obse rved  i n  a l l  models .  The q u e s t i o n  may a r i s e  a s  t o  whether  
i n  s p r i n g  and w i n t e r  a l t e r n a t i v e  phosphorus r e m ~ v a l  mechanisms 
a r e  o p e r a t i v e ,  f o r  i n s t a n c e  due  t o  b e n t h i c  a l g a l  a c t i v i t y .  Only 
measurments c o u l d  h e l p  t o  c l a r i f y  t h i s  i s s u e .  S i m u l a t i o n  f o r  
S z i g l i g e t  Bay d i d  n o t  y i e l d  a s  good r e s u l t s .  T h i s  may be p a r t l y  
due t o  t h e  p r e s e n c e  of b lue-green a l g a e  i n  t h e  r e a l  s y s t e m s .  
None of t h e  models  c o n t a i n s  a  m a t h e m a t i c a l  d e s c r i p t i o n  a l l o w i n g  
f o r  a  s i m u l a t i o n  o f  b lue -g reen  a l g a e .  I t  s h o u l d  be noted  t h a t  
t h e  BEM group  made no a t t e m p t  t o  compare t h e  BEM model r e s u l t s  
w i t h  t h e  e x t e n s i v e  phosphorus ,  n i t r o g e n ,  and c h l o r o p h y l l  d a t a  . 
a v a i l a b l e  f o r  t h e  l a k e ,  a l t h o u g h  it woald c e r t a i n l y  i n c r e a s e  t h e  
r e l i a b i l i t y  o f  model c a l i b r a t i o n .  Fur the rmore ,  t h e  u r g e n t  need 
t o  e x t e n d i n g  t h e  model t o  t h e  whole l a k e  s h o u l d  b e  emphasized.  
An i m p r e s s i o n  of  t h e  r e l a t i v e  impor tance  of  t h e  phosphorus  
t r a n s f o r m a t i o n  p r o c e s s e s  i s  g i v e n  i n  F i g u r e  1 2  o b t a i n e d  w i t h  
BALSECT f o r  K e s z t h e l y  Bay i n  1977.  The h y d r o l o g i c a l  through-  
f low i s  i n s i g n i f i c a n t  a s  compared t o  t h e  e x t e r n a l  l o a d i n g  and 
t h e  i n t e r n a l  c y c l e .  According t o  t h e  modei, m o r t a l i t y  i s  a  
more s i g n i f i c a n t  mechanism o f  phosphorus  c y c l i n g  t h a n  e x c r e t i o n ,  
b u t  c o n t r i b u t e s  a t  t h e  same t i m e  most  t o  t h e  l o s s .  I t  i s  a l s o  
a p p a r e n t  from t h i s  f i g u r e  t h a t  t h e  Zala  l o a d  dominates  t h e  
phosphorus s i m u l a t i o n  i n  K e s z t h e l y  Bay. An impress ion  o f  t h e  
match between d a t a  and s i m u l a t i o n  r e s u l t s  i s  g i v e n  i n  F i g u r e  13.  
Given t h e  u n c e r t a i n t y  i n  t h e  d a t a  t h i s  r e s u l t  i s  r e a s o n a b l e ,  and 
a n  a t t e m p t  f o r  a  more s o p h i s t i c a t e d  f i t  i s  probab ly  n o t  worth-  
w h i l e .  I t  s h o u l d ,  however, b e  r e p e a t e d  t h a t  assumpt ions  made 
i n  t h e  model a b o u t  t h e  d i s t r i b u t i o n  of t h e  l o s d i n g s  o v e r  t h e  
months of t h e  y e a r ,  a r e  n o t  s u p p o r t e d  by e x p e r i m e n t a l  e v i d e n c e .  
Also ,  t h e  s e d i m e n t a t i o n  r a t e  was v a r i e d  from month t o  month 
i n  o r d e r  t o  improve t h e  f i t .  Irl view of b o t h  t h e  u n c e r t a i n t i e s  
i n  model and d a t a ,  it i s  d o u b t f u l  t h a t  a  r e l i a b l e  t i m e  p a t t e r n  
can be  i d e n t i f i e d  i n  t h i s  way. L a t e r ,  a l t h o u g h ,  an a t t e m p t  was 
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F i g u r e  33.  R e s u l t s  o b t a i n e d  f rom 3ALSECT. Comparison 
be tween  mode l  o u t p u t  ( c u r v e s )  and f i e l d  d a t a  
( p o i n t s )  , Lake B a l a t o n ,  1 9 7 7 ,  K e s z t h e l y  Bay 
( h y p o t h e s i s  o f  t h r e e  p h y t o p l a n k t o n  g r o u p s ) .  
made t o  c o r r e l a t e  t h e  monthly v a r i a b l e  s e d i m e n t a t i o n  r a t e  t o  
some wind c h a r a c t e r i s t i c s .  I t  i s ,  t h e r e f o r e ,  more a p p r o p r i a t e  
t o  d e r i v e  n e t  s e d i m e n t a t i o n  r a t e s  from t h e  u s e  of t h e  r e s u s -  
p e n s i o n  submodel d e s c r i b e d  e a r l i e r .  I t  i s  a l s o  i m p o r t a n t  t o  
i n v e s t i g a t e  t h e  e f f e c t  o f  l o n g i t u d i n a l  mixing.  F i r s t  r e s u l t s  
w i t h  SIMBAL s u g g e s t  t h a t  t h e  l a t t e r  can  be e x t r e m e l y  s i g n i f i c a n t  
under  s t r o n g  wind c o n d i t i o n s .  
The u s e  of  SIMBAL d i f f e r e d  from t h e  o t h e r  two models ,  
because  SIMBAL w a s  p r i m a r i l y  d e s i g n e d  t o  tes t  h y p o t h e s e s  a b o u t  
t h e  modes of  phosphorus t r a n s f o r m a t i o n  i n  t h e  l a k e .  The proce-  
d u r e  i s  such t h a t  t h e  model performance f o r  a  randomiy s e l e c t e d  
pa ramete r  combina t ion  i s  compared w i t h  a behav io r  d e f i n e d  f o r  
t h e  sys tem from t h e  d a t a  r a t h e r  t h a n  w i t h  t h e  d a t a  d i r e c t l y .  
I n  t h i s  way a l lowance  i s  made f o r  u n c e r t a i n t y  i n  t h e  d a t a  e x p l i -  
c i t l y .  I t  t u r n e d  o u t  t h a t  w i t h  a f i r s t  v e r s i o n  of  t h e  model 
( w i t h o u t  t h e  s o r p t i o n  mechanism) no parameter  combina t ion  
c o u l d  b e  found t h a t  produced t h e  d e s i r e d  model b e h a v i o r .  ( I n  
f a c t ,  t o o  much o r t h o - p h o s p h a t e  was p r e d i c t e d  i n  autumn, a common 
problem t o  a l l  models  as mentioned b e f o r e ) .  T h i s  l e d  t o  t h e  p o s t -  
u l a t i o n  o f  t h e  s o r p t i o n  h y p o t h e s i s ,  and i n  t h i s  c a s e  pa ramete r  
s e t s  c o u l d  be found t h a t  produced t h e  d e f i n e d  b e h a v i o r .  S i n c e  
t h e r e  i s  more t h a n  one  pa ramete r  set ,  t h e  s i m u l a t i o n  r e s u l t  
c o n s t i t u t e s  a p r o b a b i l i t y  d i s t r i b t i o n  around t h e  mean t i m e  
t r a j e c t o r y  r a t h e r  t h a n  o n e  s i n g l e  d e t e r m i n i s t i c  t i m e  t rajec- 
t o r y .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  1 4  f o r  phy top iank ton .  
Although t h e  r e s u l t  i s  n o t  u n r e a s o n a b l e  ( f o r  a d e t a i l e d  
d i s c u s s i o n  see van S t r a t e n ,  1 9 8 0 j ,  s e v e r a l  o t h e r  h y p o t h e s e s  
may be t e s t e d  u s i n g  t h e  same p r o c e d u r e .  I n  t h e  p r e s e n t  s t a g e  
of development ,  t h e  methodology p rov ided  i s  more i m p o r t a n t  
t h a n  t h e  a c t u a l  r e s u l t s .  The method a l l o w s  t h e  d e t e r m i n a t i o n  
of whether  a  c e r t a i n  h y p o t h e s i s  i s  c o n s i s t e n t  w i t h  t h e  d a t a  o r  
n o t ,  though t h e  t r u e  c o n f i r m a t i o n  can  o n l y  come from e x p e r i -  
m e n t a t i o n  i n  t h e  f i e l d .  
4 .  NUTRIENT LOADING 
Although s e v e r a l  n u t r i e n t  l o a d i n g  models do e x i s t  i n  t h e  
l i t e r a t u r e ,  and a r e ,  i n  f a c t ,  s t u d i e d  by R E N ' s  t a s k  on  Environ- 
menta l  Problems o f  A g r i c u l t u r e ,  l a c k  o f  d a t a  h a s  h i n d e r e d  
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Figure 1 4 .  R e s u l t s  from SIMBAL. Comparison of f i e i d  da t a  f o r  t h e  four  bas ins  ( l e f t )  and 
average of model s imula t ions  f o r  t h e  behavior producing parameter s e t s  ( r i g h t ) .  
For i l l u s t r a t i o n  t he  estimated s tandard dev ia t ion  around t h e  t r a j e c t o r y  f o r  
Basin 2 i s  a l s o  indica ted .  
a p p l i c a t i o n  f o r  Lake B a l a t o n  s o  f a r .  Most of  t h e s e  models  
r e q u i r e  a  f a i r  amount of  geograph ica l ,  geomorphologica l ,  geo- 
p h y s i c a l ,  and a g r i c u l t u r a l  d a t a  i n  c o n j u n c t i o n  w i t h  s t r e a m  
d i s c h a r g e  and n u t r i e n t  load  i n f o r m a t i o n .  Although d i s c h a r g e  
and n u t r i e n t  l o a d  measurements a r e  p a r t  o f  t h e  r e g u l a r  measure- 
ment scheme o f  t h e  Water A u t h o r i t i e s ,  much o f  t h e  l o a d i n g  o c c u r s  
d u r i n g  r a i n f a l l  e v e n t s ,  which a r e  normal ly  n o t  sampled. Only 
one  event -based f i e l d  s t u d y  i s  known, namely f o r  t h e  Te tves -  
2 b a s i n  ( 7 0  km ) ( ~ o l s n k a i  1 9 7 7 ) .  Once t h e  a s s o c i a t e d  geograph i -  
c a l  d a t a  (such a s  s l o p e  c o n d i t i o n s ,  s o i l  p r o p e r t i e s ,  l a n d  u s e  
t y p e s ,  etc.  ) have  been compi led ,  t h e  r e s u l t s  of t h i s  . s t u d y  and 
a  s i m i l a r  s t u d y  underway a t  p r e s e n t ,  c a n  b e  a  v a l u a b l e  b a s i s  
f o r  t h e  a p p l i c a t i o n  o f  o n e  o f  t h e  e x i s t i n g  n u t r i e n t  l o a d i n g  
models .  
I n  t h e  meantime a  less a m b i t i o u s  i n p u t  modei h a s  been 
des igned  on t h e  b a s i s  o f  t h e  T e t v e s  d a t a .  B a s i c a l l y ,  e x i s t i n g  
s i m p l e  r a i n f a l l  r u n o f f  r e l a t i o n s  w e r e  supplemented w i t h  a  
two-parameter phosphorus  l o a d i n g  h y p o t h e s i s .  The i n p u t  model 
s t a r t s  from a  r a i n f a l l  e v e n t  c h a r a c t e r i z e d  by e f f e c t i v e  r a i n -  
f a l l  d e p t h  and r a i n f a l l  d u r a t i o n .  Runoff volume i s  e s t i m a t e d  
from t h e  r a i n f a l l  d e p t h  w i t h  t h e  U.S. S o i l  C o n s e r v a t i o n  S e r v i c e s  
formula  (SCS) . S i m i l a r l y ,  sed iment  y i e l d  i s  e s t i m a t e d  by com- 
b i n i n g  t h e  SCS fo rmula  and U n i v e r s a l  S o i l  Loss Equa t ion .  Thus, 
t h e  v a r i a b l e s  o f  r u n o f f  volume and sed iment  y i e l d  c h a r a c t e r i z e  
t h e  e v e n t .  N u t r i e n t  l o a d i n g s  are t h e n  o b t a i n e d  by m u l t i p l y i n g  
t h e  r u n o f f  volume w i t h  some c h a r a c t e r i s t i c  d i s s o l v e d  phosphorus  
c o n c e n t r a t i o n  t o  o b t a i n  t h e  d i s s o l v e d  P l o a d  p e r  e v e n t ,  and 
s i m i l a r l y  f o r  f i x e d  P by m u l t i p l y i n g  sed iment  y i e l d  w i t h  a  
f i x e d  P c o n c e n t r a t i o n  p e r  u n i t  sediment .  By combining t h e  
e v e n t s  (and,  i f  d e s i r e d ,  w a t e r s h e d s ) ,  t h e  s e a s o n a l  n u t r i e n t  
l o a d i n g  c a n  tie o b t a i n e d ,  p rov ided  t h a t  t h e  c h a r a c t e r i s t i c  P- 
c o n c e n t r a t i o n s  are known, f o r  example from measurements.  I n  
t h e  c a s e  of  t h e  T e t v e s  s t u d y  t h e s e  v a l u e s  w e r e  e s t i m a t e d  by 
c a l i b r a t i o n  o f  t h e  model .  Taking t h e  v a r i a b i l i t y  p e r  e v e n t  
i n t o  a c c o u n t  it was found t h a t  a  c o n s i d e r a b l e  l o a d i n g  v a r i a b i l i t y  
may b e  expec ted  from season  t o  s e a s o n .  A v e r s i o n  o f  t h e  model 
where t h e  e v e n t s  c a n  be  c h a r a c t e r i z e d  by t h e i r  s t o c h a s t i c  p roper -  
t ies  ( r e s u l t i n g  i n  a  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  t h e  
s e a s o n a l  l o a d j  i s  a v a i l a b l e  a t  IIASA ( ~ o ~ i r d i  and Ducks te in  1978). 
I t  shou ld  b e  n o t e d ,  however, t h a t  t h e  c r u c i a l  problem i n  t h e  
application of  t h i s  model l i e s  i n  t h e  s p e c i f i c a t i o n  o f  t h e  charac -  
t e r i s t ic  phosphorus  c o n c e n t r a t i o n s .  Before  a p p l i c a t i o n  i n  t h e  
management c o n t e x t  c a n  b e  a c h i e v e d ,  a  r e l a t i o n s h i p  between human 
a c t i v i t i e s  i n  t h e  ca tchment  a r e a  and t h e  model pa ramete r  must  
b e  found.  
I n  r e c e n t  y e a r s ,  d e t a i l e d  d a t a  have  been c o l l e c t e d  f o r  t h e  
Zala  R i v e r ,  i .e .  d a i l y  measurements  o f  t o t a l  phospha te  and 
d i s c h a r g e  a t  t w o  measurement s t a t i o n s  a l o n g  t h e  River .  S i n c e  
t h e  Zalh R i v e r  sub-watershed i s  v e r y  l a r g e ,  u s e  o f  t h e s e  d a t a  
f o r  wa te r shed  models  on t h e  f i e l d  l e v e l  i s  probab ly  n o t  f e a s i b l e .  
However, t i m e  series a n a l y s i s  migh t  p rove  t o  b e  of  i n t e r e s t .  
5. MANAGEMENT MODELS 
5.1. Watershed Development Approach 
T h i s  approach  t o  long- term management o f  t h e  e u t r o p h i c a t i o n  
problem was proposed by David e t  a l .  ( 1 9 7 9 ) ,  and i s  based on 
t h e  h y p o t h e s i s  t h a t  a  close r e l a t i o n  e x i s t s  between t h e  human 
a c t i v i t y  i n  t h e  w a t e r s h e d  and t h e  d e g r e e  o f  e u t r o p h i c a t i o n  i n  
t h e  a d j a c e n t  waterbody.  F i r s t  a  l i s t  was compi led  o f  b a s i c  
f a c t o r s ,  which w e r e  b e l i e v e d  t o  r e p r e s e n t  t h e  impac t  on n u t r i e n t  
l o a d i n g .  There a r e  t h r e e  g r o u p s  o f  f a c t o r s :  
-- n a t u r a l  f a c t o r s  ( e . g .  w a t e r s h e d  a r e a ,  a v e r a g e  s l o p e  
o f  a r a b l e  l a n d ,  l e n g t h  o f  r i v e r s ,  etc.)  
-- socio-economic f a c t o r s  ( e . g .  p o p u l a t i o n ,  p o p u l a t i o n  
working i n  i n d u s t r y ,  number o f  v i s i t o r - d a y s ,  a r e a  o f  
a r a b l e  l a n d ,  f o r e s t ,  v i n e y a r d ,  f e r t i l i z e r  u s e ,  etc . )  
-- w a t e r  management f a c t o r s  ( e .g .  a c t u a l  t o t a l  w a t e r  
consumption,  d o m e s t i c ,  i n d u s t r i a l ,  a g r i c u l t u r a l  w a t e r  
u s e ,  e f f l u e n t  c o l l e c t e d  i n  sewage works,  t r e a t e d  
e f f l u e n t ,  s t o r a g e  r e s e r v o i r  c a p a c i t y ,  etc.  1 . 
I n  t o t a l  50 f a c t o r s  w e r e  s e l e c t e d .  The numer ica l  v a l u e s  
w e r e  e v a l u a t e d  from a v a i l a b l e  d a t a  of l a r g e  r e g i o n a l  u n i t s ,  and 
s e p a r a t e d  o v e r  t h e  w a t e r s h e d s  b e l o n g i n g  t o  t h e  f o u r  b a s i n s  o f  
t h e  B a l a t o n  a s  a  p r e l i m i n a r y  s t e p .  
Next, t h e  b a s i c  f a c t o r s  were combined i n t o  d imens ion l e s s  
i n d i c e s ,  e x p r e s s i n g  t h e  r e l a t i v e  degree  o f  development on a  
s c a l e  from minimum t o  maximum. The i n d i c e s  w e r e  d e f i n e d  i n  
such a  way t h a t  an i n c r e a s e  r e p r e s e n t s  an  i n c r e a s e  i n  n u t r i e n t  
l oad ing  t o  t h e  l a k e .  Examples o f  impor tan t  i n d i c e s  a r e  r e l a t i v e  
popu la t i on  d e n s i t y ,  average  s u r f a c e  s l o p e ,  d e n s i t y  o f  p o i n t  
sou rce s ,  f e r t i l i z e r  use  index ,  r a t i o  o f  u n t r e a t e d  t o  t r e a t e d  
sewage. 
Once t h e  sys tem o f  i n d i c e s  had been e s t a b l i s h e d ,  a  pane l  
o f  e x p e r t s  working on t h e  Ba la ton  Case Study was asked  t o  weight  
t h e  v a r i o u s  i n d i c e s .  The sum o f  t h e  weighted i n d i c e s  p rov ided  
one watershed development f a c t o r .  
The r e s u l t s  a r e  summarized i n  Table  6.  
Table  6. P r e l im ina ry  r e s u l t s  o f  watershed development approach 
s tudy .  
* see F igu re  1 .  
r 
* 
Bas in  
Development Index X 
R e l a t i v e  A r e a  
N u t r i e n t  Loading Index 
Summer Maximum Biomass mg/l 
Although t h e  S ib fok  r e g i o n  ( b a s i n  I V )  h a s  t h e  h i g h e s t  degree  o f  
development ( w i t h  r e s p e c t  t o  n u t r i e n t  l o a d i n g )  i t s  c o n t r i b u t i o n  
t o  t h e  n u t r i e n t  l o a d i n g  is  sma l l  due t o  t h e  very  sma l l  s u r f a c e  
a r e a  compared w i t h  t h e  t o t a l  watershed.  The s p a t i a l  d i s t r i b u t i o n  
of t h e  n u t r i e n t  l o a d i n g  index c o r r e l a t e s  w e l l  w i t h  t h e  d i s t r i b u -  
t i o n  o f  summer maximum biomass, s e l e c t e d  a s  a  measure o f  eu t ro -  
p h i c a t i o n .  C o r r e l a t i o n s  w i th  o t h e r  e u t r o p h i c a t i o n  i ndexes  w e r e  
a l s o  i n v e s t i g a t e d .  The weigh t ing  system had o n l y  a  l i m i t e d  e f f e c t  
on t h e  c o r r e l a t i o n s  found. 
The r e s u l t s  of  t h i s  f i r s t  s t a g e  o f  t h e  s t u d y  are encouraging,  
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t h e  a v a i l i b i l i t y  of  d a t a  on ly  f o r  1975 d i d  n o t  a l l o w  t h e  i d e n t i -  
f i c a t i o n  of t r e n d s ,  and t h e  u s e  of  h i s t o r i c a l  d a t a  i s  c e r t a i n l y  
r e q u i r e d .  However, a  more s e r i o u s  problem is t h e  l a c k  of  s e n s i -  
t i v i t y  t o  how t h e  v a r i o u s  catchment a r e a  a c t i v i t i e s  a r e  weighted.  
Th i s  l a c k  o f  s e n s i t i v i t y  means t h a t  t h e  n u t r i e n t  l o a d  does  n o t  
depend c n  t h e  r e l a t i v e  importance  o f  each o f  t h e  v a r y i n g  a c t i v i -  
t ies,  which i s  probab ly  n o t  t h e  c a s e  i n  r e a l i t y .  
5 . 2 .  Other Management Models 
No p u b l i c a t i o n s  e x i s t  y e t  on o t h e r  work on management models 
performed i n  t h e  framework o f  t h e  c a s e  s t udy .  One s t u d y  i s  i n  
p rog re s s (Ducks t e in  e t  a l .  1980) and is  wor th  ment ioning h e r e .  The 
b a s i s  f o r  t h i s  approach i s  t h e  use  o f  l i t e r a t u r e  d a t a  on t h e  
r e l a t i o n  between wate rshed  a c t i v i t i e s  and phosphorus l o s s e s .  
A se t  o f  r e a l i s t i c  management a l t e r n a t i v e s ,  such a s  t e r t i a r y  
t r e a t m e n t ,  con tou r  farming,  changed t i l l a g e  p r a c t i c e ,  reduced 
f e r t i l i z e r  use ,  sed iment  r e t e n t i o n  r e s e r v o i r s ,  etc . ,  and 
combinat ions ,  i s  fo rmu la t ed .  The l i t e r a t u r e  d a t a  a r e  t hen  used 
t o  p rov ide  t h e  d a t a  f o r  a  s t o c h a s t i c  i n p u t  model ( d e s c r i b e d  
below).  Th is  model g e n e r a t e s  t h e  annua l  n u t r i e n t  l o a d i n g  and 
t h e  s t o c h a s t i c  d i s t r i b u t i o n  f o r  each a l t e r n a t i v e ,  f o r  subsequen t  
use  i n  some k i n d  o f  management a l t e r n a t i v e  s e l e c t i o n  model. The 
f i r s t  r e s u l t s  a r e  expec ted  i n  t h e  middle o f  1980. 
Other  management o r i e n t e d  approaches  w i l l  be  developed 
i n  t h e  near  f u t u r e .  Here t h e  need f o r  d e t a i l e d  p h y s i c a l  and 
economic d a t a  must  b e  emphasized. 
PART 11. FUTURE PLANS 
1 .  General 
2 .  Lake Eutrophication Models 
3 .  Nutrient  Loading Models 
4 .  Water Qual i ty  Management Models 
7 .  GENERAL 
7 . 1 .  P r a c t i c a l  Needs of Research 
The g o a l s  and o b j e c t i v e s  of  t h e  Case Study w e r e  summarized 
i n  P a r t  1 i n  co inc idence  w i t h  t h e  agreement between IIASA and 
t h e  Coord ina t ion  Counci l  f o r  t h e  Environmental Research on Lake 
ba l a ton .  Mainly q u e s t i o n s  connected t o  t h e  l a k e ' s  ecology w e r e  
addressed and t h e  a c t u a l  a p p l i c a t i o n  of t h e  models t o  be developed 
was mentioned o n l y  t a n g e n t i o n a l l y .  During t h e  l a s t  two y e a r s ,  
however, t h e  u r g e n t  need t o  implement c o n t r o l  a c t i v i t i e s  i n  o r d e r  
t o  imporve t h e  l a k e ' s  wate r  q u a l i t y  has  become b e t t e r  recognized.  
Th i s  f i n d i n g  has  two consequences,  namely: (i) d e c i s i o n  makers 
need t h e  r e s u l t s  of  t h e  study--assuming t h a t  t hey  a r e  a v a i l a b l e  
a t  t h e  a p p r o p r i a t e  t ime  i n  a p p r o p r i a t e  form--and (ii) t h e r e  i s  
a unique o p p o r t u n i t y  f o r  r e s e a r c h e r s  t o  have t h e i r  r e s u l t s  
' q u i c k l y  a p p l i e d  i n  p r a c t i c e .  Consequently,  b e s i d e s  answering 
e c o l o g i c a l  q u e s t i o n s ,  one has  t o  c o n c e n t r a t e  more and more 
on so lv ing  t h e  problem of  management: how t o  e l a b o r a t e  and sche- 
d u l e  c o n t r o l  s t r a t e g i e s ,  what a r e  t h e  expenses and how t o  f i n d  
a r e a l i s t i c  compromise among t h e  d i f f e r e n t  a l t e r n a t i v e s  ( s e e  
F i g u r e  8 ) .  
7 . 2 .  Basic  P r i n c i p l e s  
The r e a d e r  i s  r e f e r r e d  h e r e  t o  F igu re  7 which i l l u s t r a t e s  
t h e  h i e r a r c h y  of t h e  d i f f e r e n t  models. The e c o l o g i c a l  problems 
a r e  addressed mainly  by t h e  Lake Eu t roph ica t ion  Model (LEM) , 
whi l e  t h e  " p r a c t i c a l "  problem ( t h e  improvement of t h e  l a k e ' s  
wate r  q u a l i t y )  h a s  t o  b e  so lved  on t h e  l e v e i  of  t h e  Water Qua- 
l i t y  Management (WQMM) which comprises LEM and t h e  N u t r i e n t  
Loading Model (NLM) a s  submodels. S ince  WQMM should s o l v e  
an o p t i m a t i z a t i o n  problem,  coupl ing  of t h e  v a r i o u s  models 
i s  r e q u i r e d ,  which is  n o t  a s imple  t a s k .  To i l l u s t r a t e  
t h e  concept  t o  be  a p p l i e d  two in t e r connec ted  b u t  d i f f e r e n t  s t e p s  
w i l i  be distinguishes i n  t h e  u s e  of LE;M and NLMi (i) f i r s t ,  
d e t a i l e d  s i m u l a t i o n s  a r e  performed p r i m a r i l y  on a d a i l y  b a s i s  
i s e e  P a r t I I ) ,  f o r  c a l i b r a t i o n  and v a l i d a t i o n  of t h e  model b e f o r e  
us ing  it f o r  any p r e d i c t i o n ;  ( 2 )  secondly,  t h e  model can  be  
app l i ed  i n  a more g l o b a l  s e n s e  c h a r a c t e r i z i n g  t h e  l a r g e - s c a l e  
and long-term behavior  of t h e  system a s  expressed by c e r t a i n  
chosen i n d i c a t o r s  such a s  y e a r l y  peak v a l u e s ,  d i f f e r e n t  averages ,  
d u r a t i o n  of c r i t i c a l  concen t r a t i ons ,  f requency d i s t r i b u t i o n s ,  
e t c . ,  which then  should s e r v e  a s  a  b a s i s  f o r  l a k e  management. 
The number and type  of i n d i c a t o r s  must d e f i n e  unambigously 
t h e  "g loba l "  behavior  of t h e  l a k e  from t h e  p o i n t  of view of 
water  u s e  ( h e r e  r e c r e a t i o n  i s  of primary i n t e r e s t ) .  
I n  t h i s  l i n e  of thought  t h e  same modei could s e r v e  bo th  
purposes.  I t  i s  ev iden t  t h a t  t h e  second type  of model a p p l i -  
c a t i o n  (ii) i s  less s e n s i t i v e  t o  t h e  subprocesses .  
Given t h e  f i n a l  i n t e r e s t  i n  a p p l i c a t i o n  i n  a  management 
framework one might sugges t  t o  s t r i v e  d i r e c t l y  f o r  a  s i m p l i f i e d  
( s t a t i c ,  s e m i - s t a t i c ,  o r  l i n e a r i z e d  dynamic) model. However, 
i n  t h a t  c a s e  v a l i d a t i o n  of  t h e  model i s  much more prob lemat ic ,  
i f  n o t  imposs ib le ,  and t h e r e  i s  a l s o  a  chance t h a t  b a s i c  
f e a t u r e s  ( r o l e  of t h e  sediment,  f o r  i n s t a n c e )  a r e  n o t  grasped 
c o r r e c t l y .  Therefore ,  a  development from t h e  d e t a i l e d  t o  t h e  
s l m p i i f i e d  wi th  t h e  h e l p  of an a p p r o p r i a t e  s e n s i t i v i t y  a n a l y s i s  
seems t o  be  t h e  on ly  way t o  be fol lowed.  
Th i s  two-step procedure prov ides  an  o f f - l i n e  coupl ing  of 
submodei r e s u l t s  w i th  t h e  wate r  q u a l i t y  management model. The 
reason  t o  sugges t  t h i s  method i s ,  t h a t  one  has  t o  be  q u i t e  
s k e p t i c a l  about  t h e  p o s s i b i l i t i e s  of d i r e c t  coupl ing ,  knowing 
t h e  complex i t i e s  of t h e  d i f f e r e n t  subprocesses ,  t h e  presence  
of many i n t e r a c t i o n s  among them, and t h e  wide v a r i e t y  of  time- 
s c a l e s  on which they  o p e r a t e .  The o f f - l i n e  method i s  a l s o  one 
of t h e  g e n e r a l  t a c t i c s  t o  be  followed w i t h i n  LEM and NLM, f o r  
i n s t a n c e  i n  coupl ing  hydrodynamical models wi th  t h e  s p a t i a l l y  
and t imely  less d e t a i l e d  biochemical  submodels. 
The i d e a s  o u t l i n e d  above would r e s u l t  i n  a  consecu t ive  
development from LEM t o  a  s i m p l i f i e d  LEM i n  t h e  c o n t e x t  of  
WQMM. Thi s  may l e a d ,  however, t o  a  cons ide rab le  t i m e  d e l a y  
i n  t h e  Case Study.  A s  it i s  appa ren t  from Chapter I I . 3 . ,  
t h e  models a r e  a t  p r e s e n t  only a t  a  s t a g e  of c a l i b r a t i o n .  
I n  bo th  LEM and NLM s e v e r a l  u n c l a r i f i e d  q u e s t i o n s  have t o  b e  
answered (see i a t e r )  and s e v e r a l  p roces ses  such a s  s p a t i a l  
mass t r a n s p o r t  and i n t e r a c t i o n  between water  and sediment have 
t o  be  i n c l u d e d  more a c c u r a t e l y .  Accord ing ly ,  a  s u c c e s s i v e  
development  i s  n o t  e f f e c t i v e  enough and t h e r e f o r e  t h e  s imul-  
t a n e o u s  e l a b o r a t i o n  o f  models h a s  been chosen.  I t  a l l o w s  a t  
t h e  p r e s e n t  i n t e r m e d i a t e  s t a g e  a n  e a r l y  implementa t ion  o f  t h e  
comple te  model s t r u c t u r e  (see F i g u r e  7 )  u s i n g  t h e  most  up- to-date  
b u t  n o t  y e t  v e r i f i e d  submodels f o r  d e v e l o p i n g  and t e s t i n g  metho- 
d o l o g i e s  r a t h e r  t h a n  f o r  s o l v i n g  t h e  problem. T h i s  i s  a n  i t e r a -  
t i v e  t y p e  o f  p r o c e d u r e ,  t h e  b a s i s  o f  which i s  t h e  improvement 
o f  LEM and NLM up  t o  t h e  poi r i t  of  v a l i d a t i o n .  
Three  a d d i t i o n a l  r e a s o n s  g i v e  f u r t h e r  s u p p o r t  t o  t h i s  k i n d  
of  development .  I n  c l o s e  c o n n e c t i o n  w i t h  t h e  model ing  a c t i v i t i e s  
a  d a t a  c o l l e c t i o n  program and f i e l d  e x p e r i m e n t s  a r e  under  way. 
The approach  e x p l a i n e d  above a l l o w s  a  s i m i l a r  i t e r a t i o n  i n  t h i s  
r e s p e c t .  Fur the rmore ,  a f t e r  f i n a l l z i n g  t h e  p r o j e c t  t h e  same 
t e c h n i q u e  makes p o s s i b l e  f o r  t h e  r e s p o n s i b l e  Hungarian a u t h o r i -  
t i e s  t o  comple te  t h e  background i n f o r m a t i o n  and t o  u s e  t h e n  t h e  
methodo log ies  i n  a  s i m i l a r  way b e f o r e  e l a b o r a t i n g  t h e  f i n a l  
management a l t e r n a t i v e s  f o r  improving t h e  l a k e ' s  w a t e r  q u a l i t y .  
L a s t l y ,  t h e  o b j e c t i v e  o f  t h e  Case S t u d y  i s  n o t  o n l y  t o  advance  
t h e  s o l u t i o n  o f  t h e  p r e s e n t  problenl b u t  t o  d e v e l o p  t o o l s  which 
c a n  b e  a p p l i e d  f o r  o t h e r  s h a l l o w  l a k e s  a s  w e l l .  
A f i n a l  remark i s  :mentioned t o  conc lude  t h i s  s e c t i o n .  
A s  it c o u l d  b e  l e a r n e d  from t h e  p roceed ing  p a r t  of  t h i s  r e p o r t ,  
s e v e r a l  models  a r e  b e i n g  developed f o r  t h e  same problem. These 
a r e  d i f f e r e n t  i n  t h e i r  background,  s t r u c t u r e ,  c o m p l e x i t y ,  d a t a  
r e q u i r e m e n t s ,  d e t e r m i n i s t i c  o r  s t o c h a s t i c  c h a r a c t e r ,  s o l u t i o n  
t e c h n i q u e ,  etc.  I t  i s  f e l t  t o  be  n o t  o n l y  a n  i m p o r t a n t  t a s k  b u t  
a l s o  a  unique  o p p o r t u n i t y  t o  compare t h e s e  models  under  t h e  same 
c o n d i t i o n s .  I n  t h e  f u t u r e  p r imary  emphasis  w i l l  b e  g i v e n  t o  
t h i s  m a t t e r .  
To summarize, t h e  b a s i c  g u i d e l i n e s  f o r  o u r  f u t u r e  work w i l l  
b e  a s  f o l l o w s :  
( i j  a c c o r d i n g  t o  t h e  p r o g r e s s  i n  t h e  Case S tudy  and t o  
p r a c t i c a l  needs  t h e r e  s h o u l d  be  a  g r e a t e r  concen- 
t r a t i o n  on WQMM; 
(ii) a n  o f f - l i n e  p r i n c i p l e  i s  t o  b e  used i n  c o u p l i n g  sub- 
models;  
(iii) a s imul taneous r a t h e r  t han  s e q u e n t i a l  development 
of t h e  d i f f e r e n t  a s p e c t s  of t h e  s tudy  i s  t o  be 
fol lowed,  wi th  i t e r a t i v e  i n t e r a c t i o n s  among t h e  
models, between t h e  models and d a t a  c o l l e c t i o n  
programs, and between t h e  models and exper imenta l  
work. I t  i s  n o t  t h e  i n t e n t i o n  t o  d e s c r i b e  
i n  g r e a t  d e t a i l  t h e  subporcesses  themselves,  b u t  
r a t h e r  t o  f i n d  t h e  s i m p l e s t  d e c r i p t i o n  (us ing  
s e n s i t i v i t y  a n a l y s i s )  t h a t  i s  s u f f i c i e n t  from t h e  
p o i n t  of view of t h e  p roces s  a s  a whole; 
( i v )  a t  t h i s  i n t e r m e d i a t e  s t a g e  it i s  b e t t e r  t o  deveiop 
methodologies t han  t o  "so lve"  t h e  problem wi th  non- 
v e r i f i e d  models; 
( v )  it w i l l  be h ign ly  d e s i r a b l e  t o  compare d i f f e r e n t  
models f o r  g iven  purposes under t h e  same c o n d i t i o n s .  
I n  t h e  subsequent  t h r e e  c h a p t e r s  an overview w i l l  be  g iven  
&bout f u t u r e  p l a n s  f o r  t h e  d i f f e r e n t  a s p e c t s  of modeiing i n  t h e  
l i g h t  of t h e  b a s i c  i d e a s  presen ted  above. 
2. LAKE EUTROPHICATION MODELS 
2.1 . Hydrodynamics 
A s  d i scussed  i n  Chapter I I . 3 . 1 . ,  w e  a r e  i n t e r e s t e d  h e r e  i n  
t h e  l a r g e  s c a l e  s p a t i a l  t r a n s p o r t  of d i f f e r e n t  d i s so lved  and 
p a r t i c u l a t e  subs t ances ,  i n  o rde r  t o  enab le  t h e  coupl ing  of  t h e  
biochemical  models of t h e  d i f f e r e n t  l a k e  segments cons idered  t o  
be uniform from t h e  p o i n t  of view of wate r  q u a l i t y  ( s e e  F igu re  7 ) .  
The b a s i c  q u e s t i o n  i s  which kind of  water  motion mechanisms 
( s e i c h e ,  h o r i z o n t a l  c i r c u l a t i o n ,  o r  v e r t i c a l  backflow) p l a y  t h e  
dominant r o l e  i n  t h e  t r a n s p o r t  and how t o  overcome some of t h e  
modeling d i f f i c u l t i e s  d e r i v i n g  from t h e  s t r u c t u r e  of t h e  govern- 
ing equa t ions .  
Although-Lake Bala ton  d i f f e r s  e s s e n t i a l l y  from t h e  Grea t  
Lakes i n  t h e  l i g h t  of exper iences  gained from t h e  s tudy  
(Halfon and Lam 1978, Lam and Halfon 1978, Boyce e t  a l .  1979) ,  
it does n o t  seem t o  be f e a s i b l e  t o  use  a coupled more-dimensional 
hydrodynamic-transport  model i n c o r p o r a t i n g  a l l  b i o l o g i c a l  and 
chemical r e a c t i o n s :  g a i n  i n  in format ion  i s  n o t  p r o p o r t i o n a l  t o  
t h e  i n c r e a s e  i n  complexi ty .  Thus aga in  an o f f - l i n e  procedure  
was chosen c o n s i s t i n g  o f  t h e  s i m u l t a n e o u s  development  o f  a  
one-dimensional  ( l o n g i t u d i n a l )  s e i c h e  model and a  t h r e e -  
d imens iona l  model,  w i t h o u t  d i r e c t  c o u p l i n g  w i t h  b i o c h e m i s t r y .  
The 3-D model i s  a n  Ekman t y p e  model i n  a  v e r s i o n  w i t h  v e r t i c a l l y  
v a r i a b l e  eddy v i s c o s i t y  (see 1 1 . 3 . 1 . ) .  Using a  r e f i n e d  g r i d ,  
t h i s  model may answer t h e  q u e s t i o n  o f  t h e  dominant  mechanisms 
o f  w a t e r  mot ion  ( n o t e  t h a t  t h e  h o r i z o n t a l  c i r c u l a t i o n  depenas  
h i g h i y  o n  t h e  n e a r  s h o r e  c o n d i t i o r ~ s ,  t h e  d e s c r i p t i o n  o f  which 
by a n  Ekman model w i t h  l i n e a r  bot tom f r i c t i o n  is  n o t  f u l l y  
v a l i d a t e d ) .  The model may b e  c a l i b r a t e d  a g a i n s t  dynamic w a t e r  
i e v e l  d a t a  and v e l o c i t y  measurements  a t  t h e  Tihany p e n i n s u l a .  
The same c a n  b e  done f o r  t h e  1-D model and t h e  r e s u l t s  may be 
t h e n  compared. I f  t h e  l o n g i t u d i a n l  s e i c h e  c a u s e s  t h e  dominant  
mot ion ,  a s  i s  t h o u g h t  t o  b e  t h e  c a s e ,  t h e  two o u p u t s  w i l l  a g r e e  
r e a s o n a b l y  w e l l  and t h e  e s s e n t i a l l y  s imple r l -D  v e r s i o n  can  b e  
s a t i s f a c t o r i l y  used  ( a d d i t i o n a l l y  t h e  r o l e  o f  n o n - u n i f o r m i t i e s  
i n  v e l o c i t y  found may b e  i n c l u d e d  i n t o  a  d i s p e r s i o n  c o e f f i c i e n t  
used  l a t e r  o n ) .  
For  t h e  n e x t  s t e p  a  one-dimensional  t r a n s p o r t  e q u a t i o n  w i l l  
b e  coupled  t o  t h e  7-D hydrodynamicai  model w i t h  t h e  aim o f  
s t u d y i n g  f i r s t ,  t h e  r o l e  o f  w a t e r  mot ion  on t h e  mixing o f  a  
c o n s e r v a t i v e  m a t e r i a l ,  and second,  t h e  impor tance  o f  mixing 
r e l a t e d  t o  p h y s i c a l  and b i o c h e m i c a l  p r o c e s s e s .  I n  t h e  c o u r s e  
o f  t h e l a t t e r ,  b i o c h e m i s t r y  w i l l  b e  r e p r e s e n t e d  by s i m p l e  r e a c -  
t i o n  terms e x p r e s s i n g  t i m e  s c a l e s  and t h e  magni tude  of  changes  
c o r r e c t l y  ( e . g .  some t y p e  of  t o t a l  phosphorus m o d e l ) .  Bere, 
r e a l  wind and l o a d i n g  d a t a  w i l l  b e  a p p l i e d .  The t r a n s p o r t  
model w i l l  u s e  t h e  oupuc of t h e  1-D s e i c h e  model f o r  c o n v e c t i o n  
and t h e  e x p e r i e n c e s  of  t h e  3-D v e r s i o n  f o r  d i s p e r s i o n .  
The s t u d y  w i l l  show whether  t h e  t r e a t m e n t  o f  t r a n s p o r t  may 
be  s i m p l i f i e d  f u r t h e r  o r  n o t .  For  i n s t a n c e ,  i f  t h e  wind 
i n f l u e n c e d  v e l o c i t y  h a s  a n  o s c i l l a t i n g  c h a r a c t e r  w i t h  z e r o  
mean v a l u e ,  t h e  c o n v e c t i v e  t e r m  c a n  b e  n e g l e c t e d  and a  new, 
i n c r e a s e d  d i s p e r s i o n  c o e f f i c i e n t  should  be  d e f i n e d .  A s  a  n e x t  
s t e p  t h e  a p p l i c a b i l i t y  of  t h e  comple te ly  mixed r e a c t o r  concepc  
w i t h  i n t e r c h a n g e  a s .  d e s c r i b e d  i n  Chapter  11.3.3.  w i l l  b e  
a n a l y z e d ,  which c a n  be  c o n s i d e r e d  a s  t h e  s i m p l e s t  way o f  
s o l v i n g  t h e  problem<, 
Depending on t h e  f i n a l  d e c i s i o n  on t h e  s o l u t i o n  a  d i r e c t  
r e l a t i o n s h i p  between t h e  wind ( i nduc ing  mass exchange) !ana  
parameter  (s) appea r ing  i n  t h e  model (such a s  t h e  newly d e f i n e d  
d i s p e r s i o n  c o e f f i c i e n t )  snouid  be e s t a b l i s h e d .  For t h i s  pur- 
pose a  t i m e  series a n a l y s i s  may be h e l p f u l  u s ing  measured wind 
d a t a  and c a l c u l a t e d  q u a n t i t i e s  (e .g .  wa te r  v e l o c i t y  i n c l u d i n g  
i t s  s t a t i s t i c a l  p r o p e r t i e s  f o r  a  c e r t a i n  pe r iod ,  d i s p e r s i o n  
coef  f i c i e n t j  . 
I n  f a c t  b o t h  models a r e  c u r r e n t l y  under development.  The 
main paramete rs  f o r  c a i i b r a t i o n  a r e  t h e  eddy v i s c o s i t y ,  d r a g  
c o e f f i c i e n t ,  and bottom f r i c t i o n .  I t  is  p a r t i c u l a r l y  i n t e r e s t i n g  
t h a t  t h e  3-D model was found t o  b e  v e r y  s e n s i t i v e  n o t  o n l y  t o  
t h e  ave rage  v a l u e  o f  eddy v i s c o s i t y  b u t  a l s o  t o  i t s  d i s t r i b u t i o n  
a long  dep th .  Changing o n l y  t h e  l a t t e r ,  q u i t e  d i f f e r e n t  s e i c n e  
mot ions  and v e l o c i t y  p r o f i l e s  were o b t a i n e d .  T h i s  f a c t  c a l l s  
f o r  f u r t h e r  s t udy  of  t h e  v e r t i c a l  eddy d i f f u s i v i t y ,  D.  H e r e  
t h e  a p p l i c a t i o n  o f  two d i f f e r e n t  methods i s  planned,  namely: 
(1) t h e  u s e  o f  Kvon's s i m p l i f i e d ,  v e r t i c a l l y  one- 
d i m e n s i o n a l  model which i s  based on t h e  k-E t u rbu -  
l e n c e  t heo ry  (see 11.3.1 .) t o  p rov ide  an  i n s i g h t  
i n t o  D ( W , Z ) ,  where W i s  t h e  wind speed ,  z  i s  t h e  
v e r t i c a l  c o o r d i n a t e  (Kvon 1977 ) ; and 
(ii) e s t i m a t i o n  of  D from t h e  d a i l y  SS measurements a t  
Szemes i n  f i v e  d i f f e r e n t  p o i n t s  a long  a  v e r t i c a l  
(Somiy6dy 1 9 8 0 ) .  The d e t a i l s  w i l l  be d i s c u s s e d  
t o g e t h e r  w i t h  sediment-water  i n t e r a c t i o n  modeling 
i n  t h e  n e x t  c h a p t e r .  
Although t h e s e  two approaches  may h e l p  c o n s i d e r a b l y  t h e  impor- 
t a n c e  o f  v e l o c i t y  and t r a c e r  measurements has  t o  be  emphasized 
once more. 
For t h e  s o l u t i o n  o f  t h e  1-D problem an  e f f e c t i v e  numer ica l  
method was developed which a l l o w s  t h e  economical  u s e  o f  t h e  
model f o r  l onge r  p e r i o d s  (e .g .  a  y e a r ) .  k thorough s e n s i t i v i t y  
and s t a b i i i t y  a n a l y s i s  and a  compar i s ion  wi th  a n a l y t i c a l  so lu -  
t i o n s  f o r  s i m p l i f i e d  c o n a i t i o n s  showed t h a t  t h e  model behaves 
r ea sonab ly  and a c c u r a t e l y .  The most s t r i k i n g  f e a t u r e  i s  t h e  
impor t an t  r o l e  of  t h e  s p a t i a l  p a t t e r n  o f  t h e  wind (see Chapter  
11.1.3.) when app ly ing  t h e  modei t o  r e a l  s i t u a t i o n s .  S i n c e  
r e g u l a r  wind o b s e r v a t i o n s  a r e  a v a i l a b l e  f o r  two o r  t h r e e  s t a t i o n s  
only', t h e  u n c e r t a i n t y  i n  wind d i s t r i b u t i o n  (magnitude and 
d i r e c t i o n )  h a s  t o  be  t a k e n  i n t o  accoun t  i n  f u t u r e  s i m u l a t i o n s .  
A s  t r a n s v e r s a l  wlnds a r e  also i nduc ing  longitudinal s e i c h e  motion, 
a  c o r r e c t i o n  p rocedu re  f o r  t h e  wind d i r e c t i o n  i n  t h e  1-D model 
i s  under e l a b o r a t i o n  u s i n g  b o t h  expe r imen t a l  d a t a  and t h e  conclu-  
s i o n s  from t h e  3-D model v e r s i o n .  
2.2 .  Sediment-Water I n t e r a c t i o n  
The sediment  l a y e r  a c t s  a s  bo th  a  s i n k  and a s o u r c e  of 
s e v e r a l  d i s s o l v e d  and p a r t i c u l a t e  m a t e r i a l s .  I n  t h e  frame o f  t h e  
p r e s e n t  s t u d y  w e  are main ly  i n t e r e s t e d  i n  t h e  s e d i m e n t a t i o n  and 
r e s u s p e n s i o n  o f  suspended s o l i d s  and p a r t i c u l a t e  phosphorus and 
i n  t h e  r e l e a s e  o f  o r t hophospha t e  P.  A l l  t h e s e  p r o c e s s e s  a r e  
of major  i n t e r e s t  from t h e  p o i n t  of  view o f  b o t h  t h e  p r e s e n t  
s t a t e  and f u t u r e  f a t e  of  t h e  l ake :  SS i n f l u e n c e s  t h e  l i g h t  
c o n d i t i o n s  (see 11.3  - 2 . )  and may p l a y  a  c o n t r o l i n g  role i n  
t h e  l a k e ' s  wa t e r  q u a l i t y  t h rough  t h e  s o r p t i o n  mechanism (see 
I I . 3 . 3 . ) ,  w h i l e  t h e  PO4-P release works a s  a n  i n t e r n a l  l o a d i n g  
de t e rmin ing  t h e  new e q u i l i b r i u m  and r e s p o n s e  t i m e  o f  t h e  l a k e  
a f t e r  r edu c ing  t h e  e x t e r n a l  n u t r i e n t  l o a d i n g .  
(i) I n  c o n n e c t i o n  w i t h  t h e  s u b j e c t s  o u t l i n e d , ' i t  i s  p r i n -  
c i p a l l y  t h e  a n a i y s i s  o f  t h e  d a i l y  measurements c i t e d  i n  
Chap te r  11.3.2. t h a t  w i i l  be  con t i nued .  I n  f a c t ,  t h e  
ex tended  Kalman f i l t e r  t e c h n i q u e  (see e.g.  B .  Beck 1979) 
f o r  Equa t ion  (1) o f  t h a t  c h a p t e r  i s  be ing  a p p l i e d  f o r  t h e  
t o t a l  6-month p e r i o d .  The f i rs t  r u n s  showed t h e  model 
s t r u c t u r e  t o  be f o rmu la t ed  w e l l  an6 gave  pa r ame te r s  
close t o  t h o s e  e s t i m a t e d  by a  d e t e r m i n i s t i c  l e a s t  
s q u a r e s  f i t t i n g  t e chn ique .  
The SS model may a l s o  be  used f o r  c a l c u l a t i n g  t h e  e x t i n c -  
t i o n  coefficient k, by add ing  one  m o r e  s t e p  t o  Equa t i ons  
( 1 )  and ( 2 )  of  Chap te r  I I . 3 , 2 . ,  i .e .  t h e  e m p i r i c a l  
r e l a t i o n  between z and ke (van  S t r a t e n  1980) .  The 
S 
model c an  t h e n  b e  a p p l i e d  t o  r e a l  s i t u a t i o n s  f o r  which 
wind d a t a  and measured e x t i n c t i o n  c o e f f i c i e n t s  are 
a v a i l a b l e  and t h e  comparison may s e r v e  as a  b a s i s  f o r  
v e r i f i c a t i o n .  
(ii) S i n c e  phosphorus i s  found main ly  t o  s m a l l e r  p a r t i c i e s  
i t s  s e d i m e n t a t i o n  and r e s u s p e n s i o n  may d i f f e r  from 
t h a t  of  t h e  suspended s o l i d s .  I t  is  planned, t h e r e f o r e ,  
t o  ex tend  t h e  SS model f o r  p a r t i c u l a t e  phosphorus 
by u s i n g  t h e  P f r a c t i o n  d a t a  g a i n e d  d u r i n g  t h e  o b s e r -  
v a t i o n  p e r i o d .  
S i m i l a r  measurements w i t h  a d a i l y  sampl ing  f r e q u e n c y  
a r e  b e i n g  t a k e n  a t  p r e s e n t  i n  two b a s i n s  o f  t h e  l a k e :  
K e s z t h e l y  and Szemes (phephy t ine  i s  a l s o  i n c l u d e d  i n  
t h e  program, see 1 . 1 . 6 . ) .  The d a t a  series w i l l  be 
i n c l u d e d  i n  t h e  a n a l y s i s  o u t l i n e d  above and presumably 
w i l l  a l l o w  a g e n e r a l i z a t i o n  of  t h e  models developed 
f o r  t h e  whole l a k e .  
(iii) On t h e  basis o f  t h e  SS d a t a  s t u d y  one  c a n  e s t i m a t e  
t h e  p o r e  water release as  a  f u n c t i o n  of  wind. However, 
i n  t r a n s l a t i n g t h i s  t o  a n  i n t e r n a l  l o a d i n g  one  encoun- 
t e r s  many d i f f i c u l t i e s ,  s i n c e  t h e  l o a d i n g  a l s o  depends  
o n  t h e  PO4-P c o n c e n t r a t i o n  of  t h e  p o r e  water. Due t o  
l a c k  of  a p p r o p r i a t e  d a t a  we are n o t  i n  t h e  p o s i t i o n  t o  
e s t a b l i s h  a dynamic sed iment  c h e m i s t r y  model (see 
Chapter  1 1 . 3 . 2 . ) .  c o n s e q u e n t l y ,  n e i t h e r  t h e  o r t h o -  
phospha te  c o n c e n t r a t i o n  nor  i t s  t empora l  change c a n  
be c a l c u l a t e d .  Using D o b o l y i ' s  d a t a  f o r  o f f - s h o r e  
r e g i o n s  (which c a n  be c o n s i d e r e d  as a  s n a p s h o t ,  o n l y )  
t h e  l o a d i n g  i s  q u i t e  s m a l l .  L a t e r  measurements o f  
~ i t e r 6 t h ~ " w i t h  monthly sampl ing  f requency  i n  t h e  n e a r  
s h o r e  a r e a ,  however, i n d i c a t e  c o n c e n t r a t i o n s  t h a t  are 
n o t  i n f r e q u e n t l y  t e n  t i m e s  h i g h e r  and a n a e r o b i c  con- 
d i t i o n s  p r e v i a l  i n  most  o f  t h e  c a s e s .  Taking i n t o  
a c c o u n t  a l s o  t h e  more e f f e c t i v e  r e l e a s e  h e r e  d u e  t o  
t h e  samller pathway i n  t h e  wind energy  t r a n s f o r m a t i o n  
from t h e  s u r f a c e  t o  t h e  bot tom a  much h i g h e r  l o a d i n g  
(50-100 kg/d) c a n  be e s t i m a t e d  f o r  t h e  whole l a k e .  
T h i s  i s  approx imate ly  10% of  t h e  d i s s o l v e d  e x t e r n a l  
l o a d i n g .  I n  t h e  c o u r s e  of a  r e c e n t  l a b o r a t o r y  s t u d y  
( n o t  y e t  c o m p l e t e d ) ,  ~ e r o d e k f o u n d  a n  even h i g h e r  
r e l e a s e  of  phosphorus ( e v e n t h o u g h  t h e  o v e r l y i n g  w a t e r  
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was no t  s t i r r e d  i n  t h e  v e s s e l ) .  F i n a l l y  it i s  worthy 
t o  mention t h a t  Gelencsgr and ~ z i l S ~ ~ i *  when c o l l e c t i n g  
sediment w i th  a n  Ekman sampler i n  t h e  Szemes b a s i n  
f o r  s o r p t i o n  exper iments  ( s e e  l a t e r )  found an  PO4-P 
c o n c e n t r a t i o n  which would r e s u l t  i n  s t i l l  somewhat 
l i g h e r  l oad ing  ( n o t e ,  moreover, t h a t  t h i s  c o n c e n t r a t i o n  
i s  a  lower l i m i t  due t o  t h e  sampling t e c h n i q u e ) .  
W e  may conclude h e r e  t h a t  even when assuming t h e  wind 
induced r e l a e a s e  t o  be t h e  dominant mechnism and i t s  
d e s c r i p t i o n  t o  be w e l l  e s t a b l i s h e d  one can  n o t  estimate 
r e l i a b l y  t k ~ e  i n t e r n a l  l oad ing  which p l a y s  a  c r u c i a l  
r o l e  from t h e  p o i n t  of  view of management. Consequently,  
s y s t e m a t i c  measurements a r e  u r g e n t l y  needed f o r  a l lowing  
t h e  e s t i m a t i o n  of a t  l e a s t  lower and upper l i m i t s  f o r  
t h e  r e l e a s e .  The r o l e  of  t ime  v a r i a b i l i t y  i n  t h e  i n t e r -  
s t i t i a l  c o n c e n t r a t i o n  i s  once more unde r l i ned  and it i s  
cons idered  t o  be u s e f u l  t o  perform r e g u l a r  and f r e q u e n t  
measurements both  i n  t i m e  and space  b e s i d e s  making more 
d e t a i l e d  s t u d i e s  i n  a  l i m i t e d  number of l o c a t i o n s .  
( i v )  The s o r p t i o n  hypo thes i s  of  SIMBAL i n d i c a t e d  how inpor-  
t a n t  a  r o l e  t h e  suspended s o i i d s  may p l a y  i n  c o n t r o l i n g  
or thophospha te  c o n c e n t r a t i o n .  The same f i n d i n g s  w e r e  
ob ta ined  e a r l i e r  by OlSh e t  a l .  (1977) on an  exper i -  
mental  b a s i s ,  however, no r e g u l a r  measurements are 
a v a i l a b l e  f o r  j u s t i f y i n g  t h i s  s t a t emen t .  Therefore ,  
a d e t a i l e d  adso rp t ion -deso rp t ion  measurement program 
was worked o u t  and i s  under development a t  V I T U K I .  
( v )  To conclude t h i s  c h a p t e r  w e  r e t u r n  t o  t h e  e s t i m a t i o n  
of  t h e  v e r t i c a l  eddy d i f f u s i v i t y  a s  a  f u n c t i o n  of wind 
and dep th  ( s e e  S e c t i o n  2 . 2 ,  i t e m  ( i i ) ) .  The d a i l y  SS 
d a t a  measured a t  f i v e  d i f f e r e n t  dep ths  a l l ows  t h e  a p p l i -  
c a t i o n  of  t h e  one-dimensional ,  t r a n s i e n t  t r a n s p o r t  
equa t ion  t o  t h e  problem w i t h  t h e  h e l p  of Equation ( 1 )  
of Chapter  11.3.2. de te rmin ing  t h e  boundary c o n d i t i o n  
a t  t h e  bottom. Thus it i s  p o s s i b l e  t o  compute S S ( z )  
and t h e n  t o  f i n d  D ( z )  o r  even D(W,z) by a  t r i a l  and 
e r r o r  procedure .  F i r s t ,  promising r e s u l t s  have 
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a l r eady  been gained by us ing  an i m p l i c i t  f i n i t e  d i f f e r e n c e  
s o l u t i o n  a lgor i thm.  Many o t h e r  a l t e r n a t i v e s  a r e  a l s o  
of  i n t e r e s t  and under development such a s :  
-- A n a l y t i c a l  s o l u t i o n  of t h e  same problem. Here t h e  
v a r i a b l e s  a r e  s epa ra t ed  such t h a t  an i n f i n i t e  num- 
ber  of o rd ina ry  d i f f e r e n t i a l  equa t ions  r e s u l t s  and 
among t h e s e  presumably it i s  s u f f i c i e n t  t o  s o l v e  
on ly  t h e  f i rs t  few equa t ions  of  t h e  s e r i e s .  The 
method assumes D(W,  2 )  = D ( W )  , 
-- The n i c e  f e a t u r e  of t h e  l a t t e r  t echnique  i s  t h a t  
it a l lows  a  d i r e c t  coupl ing  wi th  Kalman f i l t e r i n g  
and a  s imul taneous e s t i m a t i o n  o f  t h e  boundary 
c o n d i t i o n  and D(W)  . 
-- The method of moments ( A r i s  1957) i s  a l s o  under 
a p p l i c a t i o n .  I n  t h a t  c a s e  r a t h e r  t han  c a l c u l a t i n g  
S S ( z )  i n  d e t a i l s  t h e  f i r s t  few moments of t h e  
same d i s t r i b u t i o n  w i l l  be cons idered ,  on ly ,  by 
t ransforming  t h e  o r i g i n a l  p a r t i a l  d i f f e r e n t i a l  
equa t ion  t o  a  set of  o r d i n a r y  d i f f e r e n t i a l  equa- 
t i o n s .  The equa t ion  of t h e  0 t h  moment i s  i d e n t i c a l  
t o  Equat ion ( 1 )  i n  I I .3 .2 . ,  consequent ly ,  
t h e  i n c l u s i o n  of t h e  nex t  few ( n o t  more than  f o u r )  
moments i n t o  a  Kalman f i l t e r i n g  scheme i s  a  n a t u r a l  
e x t e n s i o n  of t h e  o r i g i n a l  p r i n c i p l e ,  This  i d e a  
a l l ows  t h e  s imul taneous es t imaion  of k,, k2,  m,  D ( W ) ,  
and a d d i t i o n a l l y ,  t h e  c o n c e n t r a t i o n s  a t  t h e  f r e e  
s u r f a c e  and bottom, r e s p e c t i v e l y ,  
Two more remarks a r e  worth mentioning here .  F i r s t ,  t h e  
development of d i f f e r e n t  k ind of  methods pe rmi t s  n o t  on ly  com- 
pa r i son  b u t  a l s o  combination of t h e  approaches (e .g .  it i s  
r ea sonab le  t o  u s e  t h e  D(W) r e l a t i o n s h i p  ob ta ined  w i t h  t h e  u s e  
of t h e  Kalman f i l t e r i n g  technique  i n  t h e  frame of t h e  f i n i t e  
d i f f e r e n c e  c o n s i d e r a t i o n  and then  t o  f i n d  t h e  b e s t  f i t t i n g  
f o r  D(z)  s e p a r a t e l y ) ,  and, secondly,  t h e  p r e s e n t  problem s e r v e s  
a s  an  excellent example from t h e  methodological  p o i n t  of view 
t o  i d e n t i f y  and e s t i m a t e  t h e  parameters  of  a  system whose s t r u c -  
t u r e  i s  governed by a  p a r t i a l  d i f f e r e n t i a l  equa t ion .  
2 . 3 .  E u t r o p h i c a t i o n  Modeling 
I n  t h i s  s e c t i o n  t h e  problems of b iochemica l  and e u t r o p h i -  
c a t i o n  modeling w i l l  b e  d i s c u s s e d  (see F i g u r e  7 ) .  The f i r s t  of  
t h e s e  h a s  reached  t h e  most  advanced s t a g e  among t h e  d i f f e r e n t  
a c t i v i t i e s  b u t  i s  s t i l l  f a r  from comple te  unde r s t and ing  (see 
P a r t  11). 
With r e g a r d  t o  f u r t h e r  d ieve lopemnts  t h e  f o l l o w i n g  comments 
may be g i ven :  
(i) I n  t h e  l i ~ h t  o f  t h e  p r e v i o u s  c h a p t e r s ,  one  s t e p  i s  
obvious  f o r  improving t h e  e x i s t i n g  models: t h e  coup l i ng  
of hydrodynamical  and i n t e r a c t i o n  models  t o  BEM, BALSECT, 
and SIMBAL i n  a n  i d e n t i c a l  f a s h i o n ,  
(ii) A s  i n d i c a t e d  e a r l i e r ,  many q u e s t i o n s  may be r a i s e d  con- 
c e r n i n g  t h e  l a k e ' s  b io logy  and chemis t ry .  I t  s u f f i c e s  
mere ly  t o  reminti t h e  r e a d e r  t o  t h e  n o n - c l a r i f i e d  r o l e  of  
b lue -green  a l g a e  and n i t r o g e n  l i m i t a t i o n ,  t n e  o r thophos-  
phate-P anomaly, t h e  assumpt ion of  s o r p t i o n ,  t o  t h e  
u n c e r t a i n t i e s  i n  judging t h e  r e l a t i v e  impor tance  o f  ra te  
and c a p a c i t y  of s imu l t aneous  up t ake  mechanisms ( u p t a k e  
by a l g a e ,  a d s o r p t i o n ,  and c o - p r e c i p i t a t i o n ) ,  t h e  release 
of o r g a n i c  m a t e r i a l  and n u t r i e n t s  when b e n t h i c  a l g a e  
d i e  o f f  a f t e r  i c e -me l t i ng ,  t h e  e x t e r n a l  o r g a n i c  m a t e r i a l  
l o a d i n g ,  e tc .  
When answer ing t h e s e  q u e s t i o n s  one  h a s  t o  t a k e  i n t o  
a c coun t  t h a t  t h e  u n c e r t a i n t i e s  i n  t h e  d a t a  and t h e  
l i m i t e d  knowledge o f  t h e  r e l a t i v e  impor tance  of t h e  
v a r i o u s  subp roces se s  l is ted--may w e l l  l e a d  t o  s e v e r a l  
model v e r s i o n s  hav ing  more o r  less t h e  same "goodness".  
Consequent ly ,  it i s  n o t  a p p r o p r i a t e  t o  f i t  models  a t  
e v e r y  s t a g e  o f  development t o  f i e l d  d a t a ,  b u t  r a t h e r  
it i s  sugges ted  t h a t  t h e s e  model hypo theses  be  t e s t e d  
f i r s t  (depending on  t h e  e x e c u t i o n  t i m e ,  e.g.  i n  a  
s i m i l a r  way a s  it was r e a l i z e d  i n  SIMBAL). One cr i -  
t e r i o n  i n  t h i s  p rocedure  h a s  t o  be emphasized: a  
h y p o t h e s i s  o r  a  se t  of hypo theses  f o r  v a r i o u s  subpro- 
cesses may be accep t ed  o n l y  when t h e y  improve t h e  model 
a s  a  whole w i t h o u t  r a l s i n g  any a d d i t i o n a l  q u e s t i o n s .  
(iii) The behav ior  o f  wa te r  q u a l i t y  components i n d i c a t e  some 
e s s e n t i a l  d i f f e r e n c e s  among l a k e  segments and t h i s  is 
e s p e c i a l l y  v a l i d  f o r  t h e  Kesz the ly  Bay when compared 
t o  o t h e r  p a r t s  o f  t h e  l a k e .  Here t h e  e u t r o p h i c a t i o n  
i s  i n  t h e  most developed s t a t e  and a d d i t i o n a l  f a c t o r s  
such a s  n i t r o g e n  l i m i t a t i o n ,  t h e  p r e sence  of b lue-  
g r eeen  a l g a e ,  anaeroby,  etc. ,  may p l a y  a  more pro-  
nounced role. Accord ing ly ,  s e v e r a l  s t r a t e g i e s  of  
development may be a p p l i e d :  t o  c o n c e n t r a t e  on  he 
a c c u r a t e  modeling of  Kesz the ly  Bay, t h e  management 
of which i s  t h e  most u r g e n t  need and f o r  which t h e  
l o a d i n g  h i s t o r y  i s  b e s t  de f i ned  th rough  t h e  Zala  
River  d a t a ,  o r  t o  f i n d  a compromise s o i u t i o n  f o r  t h e  
whole l a k e .  A combinat ion o f  t h e s e  two v e r s i o n s  
may a l s o  b e  p o s s i b l e .  However, from t h e  o b j e c t i v e  of 
t h e  e u t r o p h i c a t i o n  modeling,  namely t o  d e s c r i b e  t h e  wa- 
t e r  q u a l i t y  of t h e  whole l a k e ,  it seems t o  be unwise 
t o  restrict  t h e  s t u d y  t o  j u s t  one  p a r t  of t h e  l a k e ,  
t h e  more s o  s i n c e  d e f i n i t e  i n t e r a c t i o n s  e x i s t  which 
make a n  autonomous development i n  wa t e r  q u a l i t y  f o r  
s e p a r a t e  l a k e  s e c t i o n s  u n l i k e l y .  
( i v )  A l l  t h r e e  models a r e  i n  t h e  s t a g e  of c a l i b r a t i o n ,  
b u t  have s t i l l  n o t  been  v a l i d a t e d .  Here t h e  f o l l o w i n g  
i n d i s p e n s i b i e  s t e p s  have t o  be performed: f i r s t  t o  
f i n d  t h e  parameter  v a l u e s  f o r  a  c e r t a i n  p e r i o d  and ,  
second,  t o  app ly  t h e  model w i t h  t h e s e  parameter  v a l u e s  
f o r  a n o t h e r  pe r i od  (bo th  i n  t h e  p a s t ) .  I f  t h e  agree -  
ment w i t h  t h e  measured d a t a  i s  a c c e p t a b l e  t h e  v a l i d a -  
t i o n  c a n  be  c o n s i d e r e a  s u c c e s s f u l ,  i f  t h i s  i s  n o t  s o ,  
f u r t h e r  model m o d i f i c a t i o n  is needed,  guided by t h e  
d i s c r e p a n c i e s  obse rved .  
(Y) Gene ra l l y ,  pa ramete r  v a l u e s  a r e  found by t r i a l  and 
error f i t t i n g .  Here,  any b e t t e r  d e f i n e d  method i s  
p r e f e r r e d  by a l l  means. The p l e a s i n g  s t r u c t u r e  of 
SIMBAL i s  a g a i n  s t r e s s e d  s i n c e  it  p e r m i t s  n o t  o n l y  
t h e  e s t i m a t i o n  o f  t h e  pa r ame te r s ,  b u t  a l s o  t h e  u s e  
o f  t h e  model chen i n  a  s t o c h a s t i c  s ense ,  which cou ld  
be  o f  g r e a t  impor tance  i n  t h e  c o n t e x t  of management. 
Sometimes it i s  p o s s i b l e  t o  d i s a g g r e g a t e  t h e  model 
f o r  t h e  purpose  o f  t h e  c a l i b r a t i o n .  For  i n s t a n c e ,  
t h e  pa r ame te r s  of h o r i z o n t a l  mass exchange,  d e p o s i t i o n ,  
and r e s u s p e n s i o n  may be e s t i m a t e d  from a  t o t a l - P  model 
and t h a n  f i x e d  i n  t h e  e s t i m a t i o n  o f  r emain ing  pa r ame te r s  
i n  t h e  f u l l  l a k e  model. Another  example i s  t h e  s e p a r a t e  
e s t i m a t i o n  o f  phy top lank ton  growth r a t e s  from pr imary 
p r o d u c t i o n  measurements.  
( v i )  F i n a l l y ,  t h e  impor tance  of model s e n s i t i v i t y  a n a l y s i s  
(see a l s o  111.4.)  and t h e  u s e  o f  t h e  same i n p u t  d a t a  
( such  a s  n u t r i e n t  l o a d i n g )  f o r  a l l  t h r e e  models have 
t o  b e  u n d e r l i n e d .  
3 .  NUTRIENT LOADING MODELS 
The d i r e c t  c a u s e  o f  a r t i f i c i a l  e u t r o p h i c a t i o n  i s  t h e  
i n c r e a s e  i n  n u t r i e n t  l o a d i n g  and consequen t l y ,  t h i s  i s  t h e  
most  obvious  f a c t o r  f o r  c o n t r o l i n g  t h e  l a k e .  The r o l e  o f  
n u t r i e n t  l o a d i n g  shou ld  be emphasized a l s o  from t h e  p o i n t  o f  
view of  u nde r s t and ing  t h e  i n - l a k e  p r o c e s s e s  and f o r  c a l i b r a t i n g  
LEM (see F i g u r e  7 ) :  s i n c e  it v a r i e s  bo th  i n  time and space ,  
n e i t h e r  t h e  dynamic nor  t h e  s p a t i a l  behav ior  of  t h e  l a k e ' s  
w a t e r  q u a l i t y  c a n  be  d e s c r i b e d  u n t i l  a  sound knowledge o n  
t h e  l o a d i n g  c o n d i t i o n s  i s  a v a i l a b l e .  
Here, d i f f i c u l t i e s  a r i s e  ma in ly  from t h e  l a c k  of  d a t a  
( e f f l u e n t s ,  sewage d i s c h a r g e s ,  and d i s t r i b u t e d  l o a d i n g s  from 
t h e  watershed a s  a  who le ) .  Thus it i s  n o t  e a sy  t o  make 
e s t i m a t e s  f o r  t h e  t o t a l  and a v a i l a b l e  l o a d i n g s ,  t o  s e p a r a t e  
p o i n t  and non-point  s o u r c e s ,  and t o  judge t h e i r  r e l a t i v e  
impor tance ,  nor i s  it e a s y  to  v e r i f y  any non-point  sou rce  
model. These k i n d  of  models  need d e t a i l e d  f i e l d  d a t a  and 
t h e  problems of how t o  a p p l y  them f o r  a  l a r g e r  watershed o r  
how to  perform a n  e x t r a p o l a t i o n  from a  d e t a i l e d  s u ~ w a t e r s h e d  
s t u d y  have i n  g e n e r a l  n o t  y e t  been r e s o l v e d .  
Accordingly  o u r  p l a n s  f o r  t h e  f u t u r e  a r e  r a t h e r  modest  
and t h e  main o b j e c t i v e  is  t o  make a  more thorough  l o a d i n g  
e s t i m a t i o n  u s ing  e x i s t i n g  d a t a  r a t h e r  t h e n  c o n c e n t r a t i o n  on  
modeling. Here f i r s t  o f  a l l  t h e  r e g u l a r  measurements o f  
~ 0 6  ( 1960) ( d a i l y  f o r  d i s c h a r g e ,  t e m p e r a t u r e ,  suspended  s o l i d s ,  
t o t a l  phosphorus  and n i t r o g e n ,  r e s p e c t i v e l y ,  weekly For  o r t h o -  
p h o s p h a t e  P and c o m p l e t e  w a t e r  c h e m i c a l  a n a l y s i s )  o f  two s t a t i o n s  
a l o n g  t h e  Z a l a  R i v e r  (Fengkpusz ta  1975-8 and Z a l a a p 6 t i  1977-8, 
d i f f e r e n c e  i n  c a t c h m e n t  a r e a  i s  r o u g h l y  40%) w i l l  be u s e d .  
The f o l l o w i n g  a c t i v i t i e s  w i l l  b e  pe r fo rmed :  
(1) Time series a n a l y s i s  f o r  t h e  Z a l a  R ive r  ca t chmen t  a r e a  
d a t a .  The aim i s  t o  d e v e l o p  a  s i m p l e  d e s c r i p t i v e  
model t o  e x p r e s s  t h e  p r e s e n t  l o a d i n g s  ( f i r s t  on a  d a i l y  
b a s i s ,  and second ,  f o r  a  l o n g e r  t i m e  s c a l e ,  e .g .  a  
week) as a  f u n c t i o n  o f  p a r a m e t e r s  t h a t  may be  e a s i l y  
measured  ( p r e c i p i t a t i o n ,  s t r e a m f l o w ) .  By comparing 
a v a i l a b l e  and t o t a l  phosphorus  d a t a ,  t a k i n g  i n t o  
a c c o u n t  t h e  n i t r o g e n  d a t a  and  t h e  e x i s t i n g  knowledge 
a b o u t  sewage d i s c h a r g e s  i n  t h e  w a t e r s h e d ,  a n  a t t e m p t  
w i l l  b e  made t o  s e p a r a t e  o u t  t h a t  p a r t  o f  t h e  a v a i l -  
a b l e  n u t r i e n t  l o a d i n g  t h a t  i s  c o r r e l a t e d  t o  r a i n f a l l  
e v e n t s .  I n  t h i s  way it i s  hoped t h a t  t h e  r o l e  and 
c o n t r i b u t i o n  o f  a g r i c u l t u r e  and o t h e r  non-po in t  s o u r c e s  
may b e  a s s e s s e d .  T h i s  i s ,  of  c o u r s e ,  i n f o r m a t i o n  o f  
paramount  i m p o r t a n c e  i n  t h e  d e s i g n  o f  f u t u r e  l o a d i n g  
r e d u c t i o n  s t r a t e g i e s .  
I n  c a s e  o f  s u c c e s s ,  a  n e x t  s t e p  may b e  t o  l o o k  f o r  
r e l a t i o n s h i p s  be tween t h e  v a r i o u s  l o a d i n g  t y p e s  and  
some o f  t h e  a v e r a g e  soc io-economic  w a t e r s h e d  c h a r a c -  
t e r i s t i c s .  These  r e l a t i o n s h i p s  would t h e n  a l l o w  t h e  
u s e  of  t h e  t i m e  ser ies  model t o  make p r e d i c t i o n s  unde r  
changed c o n d i t i o n s  f o r  t h e  p u r p o s e  o f  p l a n n i n g .  
(ii) It i s  i n t e n d e d  t o  make a p a r a m e t e r  s e n s i t i v i t y  a n a l y s i s  
f o r  t h e  n o n - p o i n t  s o u r c e  modei e x p l a i n e d  i n  C h a p t e r  
1 1 . 4 .  and u t i l i z e  t h e  e x p e r i e n c e s  g a i n e d  f o r  i t e m  (i) .
(iii) A f t e r  c o l l e c t i n g  t h e  e x i s t i n g  d a t a  f o r  e f f l u e n t s  and 
sewage d i s c h a r g e s  a  s imi la r ,  b u t  more d e t a i l e d  a n a l y s i s  
w i i l  be made f o r  t h e  l o a d i n g  a f u n c t i o n  o f  t i m e  and 
s p a c e  as p r e v i o u s l y  made b y  v a n  S t r a t e n  e t  a l .  (1979)  
(see a l s o  C h a p t e r  11 .1  . ) . Here t h e  c o n c l u s i o n s  o f  (i) 
and (ii) w i l l  have  t o  b e  i n c o r p o r a t e d  a s  w e l l .  
( i v )  For most e f f l u e n t s ,  g e n e r a l l y ,  n o t  more than  one water  
q u a l i t y  measurement a month i s  a v a i l a b l e  over  a pe r iod  
of 4-5 subsequent  y e a r s  s o  t h a t  any kind of l oad ing  
e s t i m a t i o n  (e .g .  y e a r l y  average o r  year  averaged monthly 
v a l u e )  i s  based on t h e s e  d a t a .  S ince  more f r e q u e n t  
d a t a  a r e  g iven  f o r  t h e  Zala River ,  t h e s e  can be  used 
f o r  developing methods f o r  c a l c u l a t i n g  t h e  l oad ing  
from s c a r c e  d a t a  on t h e  "most a c c u r a t e "  way and f o r  
judging t h e  u n c e r t a i n t i e s  of  t h i s  kind of e s t i m a t i o n s .  
F i n a l l y ,  t o  judge t h e  importance o f  changes i n  water-  
shed a c t i v i t i e s  ( e . g .  f e r t i l i z e r  u s e ,  runof f  and ero- 
s i o n  c o n t r o l ,  c r o p  management) a more comprehensive 
watershed nugr i en t  load ing  model (such a s  CREAMS) may 
be  used,  b u t  on ly  i n  a r e l a t i v e  s e n s e  because of  t h e  
l i m i t e d  a v a i l a b i l i t y  and r e l i a b i l i t y  of t h e  d a t a .  
4 .  WATER QUALITY MANAGEMENT MODEL 
Since  comprehensive management modeling presupposes  t h e  
a v a i l a b i l i t y  of w e l l  c a l i b r a t e d  and v a l i d a t e d  submodels, which 
i n  t u r n  must be based on a sound unders tanding  of t h e  p r i n c i p a l  
p roces ses  i n  l a k e  and watershed (see Figure  7 ) ,  i t  should be  
no s u r p r i s e  t o  see t h a t  management models a r e  i n  a less pro- 
g ressed  s t a g e  i n  t h e  c a s e  s tudy.  The two approaches mentioned 
i n  Chapter  11.5.  w e r e  pursued i n  t h e  i n i t i a l  phases of t h e  
s tudy  because t h e y  do no t  r e l y  e x p l i c i t l y  on a l a k e  water  q u a l i t y  
model a s  t h e  r e a c t i o n  of t h e  l a k e  t o  n u t r i e n t  l o a d i n g s  was 
e i t h e r  i n f e r r e d  from h i s t o r i c a l  d a t a  o r  p o s t u l a t e d  by an 
engineer ing  guess .  There i s ,  however, l i t t l e  doubt t h a t  t h e  
u se  of submodels such a s  NLM and LEM w i l l  be  compell ing i f  
management models a r e  t o  y i e l d  answers wi th  s u f f i c i e n t  c r e d i -  
b i l i t y .  A s  poin ted  o u t  i n  t h e  i n t r o d u c t i o n  t o  t h i s  c h a p t e r ,  
it i s  t h e r e f o r e  e s s e n t i a l  t o  develop methodologies,  even i n  
t h e  t empora r i l y  absence of s u f f i c i e n t l y  r e l i a b l e  submodels, 
i n  such a way t h a t  t h e  r e s u l t s  of f u r t h e r  r e s e a r c h  i n  t h i s  
a r e a  can be g r a d u a l l y  i nco rpo ra t ed  i n  t h e  management framework 
wi thout  d i f f i c u l t y .  
The aim o f  t h e  management model i s  t o  p r o v i d e  a  s t r u c t u r e  
t h a t  e n a b l e s  t h e  r a n k i n g  of  p o s s i b l e  management o p t i o n s  a c c o r d i n g  
t o  c e r t a i n  economics,  w a t e r  q u a l i t y ,  o r  mixed c r i t e r i a  (see 
F i g u r e  8 )  . For t h e  s a k e  of  t h e  p r e s e n t  d i s c u s s i o n ,  it i s  con- 
v e n i e n t  t o  r e p r e s e n t  F i g u r e  7 and 8  a s  a  c i r c u l a r  p r o c e s s  a s  i n  
F i g u r e  1 5  (see S p o f f o r d  1 9 7 6 ) .  I n  t h i s  p r o c e s s  t h e  f o l l o w i n g  
s t e p s  may be  d i s t i n g u i s h e d ,  which c a n  be  s t u d i e d  and r e a l i z e d  
more o r  l e s s  i n d e p e n d e n t l y  b e f o r e  i n t e g r a t i o n :  
( i )  L (x,  t )  + LEM + I ix, t)  . I n  t h i s  s t e p  t h e  r e s p o n s e  of  
t h e  l a k e  [ I  ( x ,  t )  ] t o  v a r i o u s  l o a d i n g  s c e n a r i o ' s  i s 
o b t a i n e d .  I n i t i a l l y ,  r e a s o n a b l e  l o a d i n g  s c e n a r i o ' s  
c a n  b e  p o s t u l a t e d ,  w h i l e  i n  a  l a t e r  s t a g e  t h e y  may be  
p r o v i d e d  by 
(ii) l o a d i n g  r e d u c t i o n  o p t i o n s  + NLM + L ( x , t )  . T h i s  s t e p  
p r o v i d e s  t h e  l o a d i n g s  r e s u l t i n g  from v a r i o u s  l o a d i n g  
r e d u c t i o n  o p t i o n s  i n  t h e  w a t e r s h e d  t o g e t h e r  w i t h  
economic and o t h e r  a s p e c t s ;  
(iii) The l i n k  be tween (i) and (ii) c o m p l e t e s  t h e  d e c i s i o n  
c y c i e  p r o c e s s .  Here, t h e  g e n e r a t i o n  and  r a n k i n g  o f  
o p t i o n s  i s  performed i n  s t e a d y  feed-back  w i t h  t h e  o t h e r  
s t e p s .  T h i s  w i l l  i n v o l v e  some k i n d  of  ( m u l t i - o b j e c t i v e )  
o p t i m i z a t i o n  t a k i n g  c o s t s ,  b e n e f i t s ,  w a t e r  q u a l i t y ,  and 
socio-economic a s p e c t s  i n t o  a c c o u n t .  
Next t h e s e  s t e p s  w i l l  b e  rev iewed i n  more d e t a i l .  
( i)  The method t o  b e  f o l l o w e d  h e r e  i s  t o  r u n  t h e  model 
LEM f o r  d i f f e r e n t  r e a s o n a b l e  L ( x , t )  s c e n a r i o s  and t h e n  t o  pa ra -  
m e t r i z e  t h e  l a k e ' s  r e s p o n s e  i n  t e r m s  of  i n d i c a t o r s  I (x, t i  (see 
1 1 1 . 1 . )  f o r  u s e  i n  t h e  o p t i m i z a t i o n  p r o c e d u r e .  B e f o r e  d o i n g  
t h i s ,  a  d i s t i n c t i o n  w i l l  be  made between f o r c i n g  f u n c t i o n s  of  
t h e  LEM t h a t  a r e  n a t u r a l  f a c t o r s  ( t e m p e r a t u r e ,  r a d i a t i o n ,  and  
wind)  and t h o s e  t h a t  a r e  c o n t r o l l a b l e  f a c t o r s .  The l a t t e r  i s  
s o l e i y  t h e  l o a d i n g  L ( x  , t)  . S i n c e  t h e  v a r i a b i l i t y  of  t h e  
n a t u r a l  f a c t o r s  s h o u l d  b e  c o n s i d e r e d  a s  g i v e n ,  t h e  u n c e r t a i n t y  
r e s u l t i n g  from them h a s  t o  b e  i n c l u d e d .  Here, two t e c h n i q u e s  
c a n  b e  used:  
-- t o  assume d i f f e r e n t  s c e n a r i o s  ( a v e r a g e ,  u n f a v o r a b l e ,  e t c . ;  
d r y  o r  w e t  y e a r s ,  e tc . )  f o r  s t u d y i n g  t h e  s e n s i t i v i t y  of  I ( x , t )  
t o  n a t u r a l  f a c t o r s .  T h i s  a p p r o a c h  w i l l  i e a d  t o  s t a n d a r d  
s c e n a r i o s  t o  b e  used  i n  t h e  s u b s e q u e n t  a n a l y s e s ;  
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-- t o  c o n s l d e r  n a t u r a l  f a c t o r s  a s  b a s i c a l l y  s t o c h a s t i c  i n  
c h a r a c t e r .  The p o s s i b i l i t i e s  i n  t h i s  r e s p e c t  w i l l  b e  
d i s c u s s e d  l a t e r .  
When d e s i g n i n g  v a r i o u s  l o a d i n g  s c e n a r i o s  f o r  a p p l i c a t i o n  
i n  LEM, f i r s t  t h e  u n c o n t r o l l a b l e  f r a c t i o n s  ( t h e  a t m o s p h e r i c  
and i n t e r n a l  s o u r c e s )  w i l l  b e  s e p a r a t e d ,  t h u s  d e f i n i n q  t h e  
l o w e s t  l e v e l  f o r  t h e  l o a d i n g  t h a t  m i g h t  h e  r e a l i z e d .  N e x t ,  
a  f u r t h e r  c l a s s i f i c a t i o n  w i l l  b e  made b a s e d  o n  s e v e r a l  d i s -  
c-nct f e a t u r e s  s u c h  a s :  
-- a v a i l a b i l i t y  o f  n u t r i e n t s  f o r  a l g a e ;  
-- o r i g i n  ( s ewage ,  a g r i c u l t u r e ,  e t c . ) ;  
-- l o c a t i o n  and  s p a t i a l  p a t t e r n ;  
-- t e m p o r a l  c h a n g e s .  
( A l s o  n o t e  a t  t h i s  s t e p  t h e  economic f e a s i b i l i t y  o f  
d i f f e r e n t  a l t e r n a t i v e s  h a s  t o  b e  c o n s i d e r e d  ( F i g u r e  151.1 
Having t h e  b a s i c  l o a d i n g  t y p e s ,  L ( t , x ) ,  t h e  l a k e  r e s p o n s e  
I i ( T , x )  w i l l  b e  c a l c u l a t e d  ( t h e  s u b s c r i p t  r e f e r s  t o  t h e  d i f f e r e n t  
k i n d s  o f  i n d i c a t o r s  needed f o r  c h a r a c t e r i z i n g  t h e  l a k e ' s  w a t e r  
q u a l i t y ) .  Here, T  i n d i c a t e s  t h a t  t h e  l a t t e r  a l s o  c h a n g e s  w i t h  
t i m e ,  however ,  o n  a  l a r g e r  s c a l e .  I t  i s  wor thy  t o  m e n t i o n  t h a t  
I i ( T , x )  may d i f f e r  for  BEM, BALSECT, and SIMBAL and t h e  l e v e l  
o f  model s i m p l i f i c a t i o n  i n  t h e  management c o n t e x t  w i l l  b e  governed  
by t h e  s e n s i t i v i t y  o f  I i ( T , x ) .  
The a p p r o a c h  o u t l i n e d  above  may o n l y  i n d i c a t e  t h e  a v e r a g e  
and some o f  t h e  e x t r e m e  b e h a v i o r  p a t t e r n s  o f  t h e  s y s t e m  and  
n e x t ,  t h e  r o l e  of u n c e r t a i n t y  w i l l  b e  c o n s i d e r e d .  V a r i o u s  
u n c e r t a i n t i e s  r e s u l t  f rom s e v e r a l  f a c t o r s ,  s u c h  as t h e  s t o c h a s t i c  
c h a r a c t e r  o f  a l l  t h e  i n p u t  f o r c i n g  f u n c t i o n s  (see b e f o r e )  and 
u n c e r t a i n t i e s  i n  t h e  p a r a m e t e r s .  T h e i r  p r o p a g a t i o n  i n  t h e  model 
i s  o f  p r i m a r y  i n t e r e s t .  F o r  t h i s  p u r p o s e  a  n o n - l i n e a r  Kalman 
f i l t e r i n g  t e c h n i q u e  ( B .  Beck e t  a l .  1979)  o r  a  Monte C a r l o  t y p e  
o f  s i m u l a t i o n  c a n  b e  a p p l i e d  ( n o t e  t h a t  i n  t h e  f i r s t  case t h e  
a s s u m p t i o n  o f  G a u s s l a n  d i s t r i b u t i o n  i s  r e q u i r e d ) .  S i n c e  t h e  
second  method i s  a  n a t u r a l  e x t e n s i o n  o f  t h e  scenario c o n c e p t  and 
w e l l  s u i t e d  t o  t h e  s t r u c t u r e  o f  SIMBAL, which h a s  t h e  s m a l l e s t  
computer  c ime r e q u i r e m e n t s  o f  t h e  mode l s ,  i t s  a p p l i c a t i o n  i s  
p l anned  f o r  t h e  f u t u r e .  N a t u r a l l y  it w i l l  n o t  b e  r e a l i s t i c  
t o  perform t h e  s tudy  of e r r o r  p ropaga t ion  f o r  a l l  t h e  c a s e s  
considered and t h e r e f o r e  some t y p i c a l  examples w i l l  be  s e l e c t e d  
i n  t h e  hope t h a t  t h e s e  r e s u l t s  can be g e n e r a l i z e d .  
(ii) From i n s p e c t i o n  of t h e  d i f f e r e n t  l oad ing  sou rces  it 
i s  a  s imple  ma t t e r  t o  make a  l i s t  of p o s s i b l e  r e d u c t i o n  a l t e r -  
n a t i v e s .  Among t h e  g r e a t  number of a l t e r n a t i v e s  h e r e  on ly  sewage 
t r ea tmen t  (mainly t e r t i a r y )  and t h e  a p p l i c a t i o n  of r eed - l akes  
w i l l  be reviewed, s i n c e  t h e s e  a r e  f e l t  t o  be  presumably t h e  most 
e f f e c t i v e t o o l s f o r  removing a v a i l a b l e  n u t r i e n t  forms. The former 
i s  a p p l i e d  b e f o r e  d i s c h a r g i n g  waste water  t o  t h e  l a k e  o r  r i v e r s  
of t h e  catchment,  wh i l e  t h e  l a t t e r  should be  l o c a t e d  on t h o s e  
r i v e r s  ( b e f o r e  e n t e r i n g  t h e  l a k e ,  which a r e  t h e  r e c i ~ i e n t s  of 
s e v e r a l  sewage d i s c h a r g e s .  
A reed- lake  system removes n u t r i e n t  by sed imenta t ion  (of  
p a r t i c u l a t e  forms) and b e n t h i c  e u t r o p h i c a t i o n  (of  a v a i l a b l e  
fo rms) .  I n  a d d i t i o n  such a  system has  a  c o n s i d e r a b l e  s t o r a g e  
c a p a c i t y  f o r  e q u a l i z i n g  sudden changes i n  t h e  l oad ing  caused by 
r a i n f a l l  even t s  and t h e r e f o r e  it could be  e f f e c t i v e  f o r  reduc ing  
t h e  t i m e  v a r i a b l e  l oad ing  o r i g i n a t i n g  from a g r i c u l t u r e .  It  
should be noted h e r e  t h a t  a l though  t h e  r e a l i z a t i o n  of t h e  f i r s t  
s t a g e  of such a  system on t h e  Zala River w i l l  s t a r t  nex t  year  
(Kis-Balaton,  see van S t r a t e n  e t  a l .  1979) many open q u e s t i o n s  
have t o  be  answered i n  t h e  immediate f u t u r e ,  bo th  r e l a t e d  t o  
planning (e .g .  what i s  t h e  r e l a t i o n  between d e s i g n  and removal 
e f f i c i e n c y ,  what a r e  t h e  investment  and o p e r a t i o n a l  c o s t s ,  e t c . )  
a s  w e l l  a s  o p e r a t i o n  ( e .g .  throughflow c o n t r o l  f o r  op t ima l  e f f i -  
c i ency ,  when t o  h a r v e s t  r e e d s ,  how t o  u t i l i z e  t h e  r e e d s ,  e c t . ) .  
It  i s  a l s o  mentioned t h a t  due t o  t h e  s easona l  p a t t e r n  of b e n t h i c  
e u t r o p h i c a t i o n  t h e  r eed  system i s  less capab le  of removing d i s -  
solved n u t r i e n t s  i n  w i n t e r .  Furthermore,  o r g a n i c  l oad ing  must 
be  a t  a  l e v e l  low enough t o  p reven t  anaerobic  c o n d i t i o n s  i n  t h e  
system. 
I n  t h e  l i g h t  of j u s t  t h e s e  two o p t i o n s  t h e  need f o r  surveys  
of e x i s t i n g  and planned sewage p l a n t s ,  of t h e  p o s s i b i l i t i e s  f o r  
addioil t e r t i a r y  t r e a t m e n t  t o  o p e r a t i n g  p l a n t s ,  of c a n a l i z a t i o n ,  
and of t h e  f e a s i b i l i t y  of e s t a b l i s h i n g  r eed - l akes  and s ludge  
d e p o s i t i o n  systems i s  appa ren t .  Locat ion,  t iming ,  c a p a c i t y ,  
e f f i c i e n c y  and e x p e n s e s  have  t o  b e  i n c l u d e d  i n  t h e  s t u d y .  T h i s  
t h e n  a s  a  whole may l e a d  t o  t h e  deve lopment  o f  a  r e g i o n a l  con- 
c e p t  f o r  r e d u c i n g  n u t r i e n t  l o a d i n g .  N a t u r a l l y ,  o t h e r  c o n t r o l  
a c t i v i t i e s  a l s o  have  t o  be c o n s i d e r e d  and t h i s  k i n d  o f  back- 
ground work i s  b e i n g  u n d e r t a k e n  a t  V I T U K I  and SZTAKI. 
(iii) When a l l  t h e s e  s t e p s  a r e  comple t ed  WOPUI w i l l  be c a r r i e d  
o u t  a s  shown i n  s i m p l i f i e d  form i n  F i g u r e s  8 and 1 5 .  Here, it i s  
m e r e l y  s t a t e d  t h a t  WQMM shou ld  y i e l d  a  few " n o t  bad"  combina- 
t i o n s  of  d i f f e r e n t  c o n t r o l  a l t e r n a t i v e s  n o t  o n l y  i n  a  g l o b a l  
s e n s e  b u t  a s  a  ( d i s c r e t e )  f u n c t i o n  o f  b o t h  s p a c e  and  t i m e .  With 
t h i s  r e s u l t  t h e  d e c i s i o n  makers  s h o u l d  be a b l e  t o  select t h e  
" b e s t "  s o l u t i o n  on  t h e  b a s i s  o f  t h e i r  p r e f e r e n c e s ,  o r  t o  i n i t i a t e  
a new p l a n n i n g  c y c l e  i f  t h e  r e s u l t  was n o t  s a t i s f a c t o r y .  
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